
I~bf~aIfl~S&I AGEForm Approved

2 )CUMEVTATION PAGE OMB NO. 0704-.0188

AD-A27O 152 hO nMtdt vrq Ororr~oI itoe i tin Ma 0eer anu-tot ehei~iqettq cat ureim.

,1,.tnunI~t~I~IW itIIuhIormaletirg and revii* inq tho le mo ~oftcO informat~iont Sena cornrnentsregaraingthiiiburden e~tInate or any Oier aspecl Of th'

Iliuil iiiflu*ii 1111 ul lii II lii Freducing tmi ourcen to wJlIImgtofl Headawariers Services. Directorate for ,ntrifo atiol oterations adfl Rpoor%. 12 Ijeffersori

M IN O R, 302 auato trie Officeof Manageenter and Budget. Paperviott Redujction Poject(0704-0788) VVashington. D'C 20503
12. RPORT DATE I3. REPORT TYPE AND DATES COVERED

9/1/9 Final Technical 8/1/91 - 7/31/93
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Advances in Laser Cooling AFOSR910305 4

6. AUTHOR1S)

Harold J. Metcalf

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) B. PERFORMING ORGANIZATION

Research Foundation REPORT NUMBER

State University of New York at Stony Brook ~ ORR~
Stony Brook, NY 11794 93 (-

9. SPONSORING / MONITORING AGENCY NAME(S) AND AOO&ISS4ES) 1 0. SPONSORING i MONITORING
355CYREORT kAE

AFOSR NE
110 DUNCAN AVE SUITI B115 Z -S
BOLLING AFB DC 20332-0001

1t. SUPPLEMENTARY NOTES -

3-. 'I-. -. 'T.r 1k

12a, 0ISTRI11UTiON AVAILABILITY .STATEMENT IS,-i1IQiNCD

113. AS$T1&ACT (MaimuinumVwfraji

ltv have maide significant advaoiess tit th zicivuce ct. 1a,;r ou1n n ~a number
of topicsi.

93 23 152
93 1 0 0 s

1111. Is&(t'TRSt NuMBER- OFPAGIS0

I& PRICE cCOD

-17 SECU%1TY CLASWICAYION isS ticusltu CLASS~apIN 1 SKUIRITV CASS~M3
01t Rama OfTHIUSPAGE OFAW C

W, e.-i A...t



FINAL TECHNICAL REPORT S

HAROLD METCALF

STATE UNIVERSITY oF NEw YORK AT STONY BROOK

1S

SSu~mitted l5 September 1993 0

- • . .. i • w • l m m • i • m• • •[



INTRODUCTION

The text of this technical report is very brief because there
is no better way to describe our progress in two years than by the
papers we have written. These are appended to this report,
separated by a blank colored page. Since two years is too short a
time to do experiments, analyze the data, write papers, and wait
for the publication process, most of these are in preprint form.
The main body of this report therefore begins with several
abstracts, then there are two published papers, and then 5
preprints. All of these papers have been submitted, and there are
still others in progress that will also acknowledge AFOSR support.

LIST OF ATTACHMENTS

1. Collection of abstracts
2. Copies of published papers on :3eam Profile Flattening

(Opt. Lett.) and on Transient Laser Cooling (PRL).
3. Preprint of Quantum Calculations paper (accepted, PRA,RC)
4. Preprint of Simplest Laser Cooling System paper (JOSA)
5. Preprint of Bichromatic Cooling paper (PRL)
6. Preprint of Quantum Effects in Helium Cooling paper (PRL)
7. Preprint of Isotropic Light Cooling paper (PRA)
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Gupta, Padua, Xie, Batelaan, and Metcalf: Longitudinal Fields.

Longitudinal Magnetic Field Effects in Sub-Doppler Cooling

R. Gupta, S. Padua, C. Xie, H. Batelaan, and H. Metcalf'

Physics Dept., S.U.N.Y., Stony Brook, NY, 11790

The experimental discovery of sub-Doppler laser cooling was

soon followed by theoretical descriptions that depended on optical

pumping processes among the sublevels of multiply degenerate

atomic ground states. These theories were based on polarization

gradients in counterpropagating light beams. Later it was found

that sub-Doppler cooling could also be achieved in the absence of

polarization gradients when a weak transverse magnetic field was

used for mixing eigenstates of the light shift operator.

By contrast, Zeeman shifts from magnetic fields BI alo the

quantization axis can add or subtract with the light sbifts of

those states. BI thus provides an additional degree of freedom

for studying magnetic effects in laser cooling since the set of

sinusoidal potentials that derives from the spatially periodic

light shifts in a standing wave can be manipulated with the field.

For example, with circularly polarized light a finite BI can

switch the normal heating to cooling, and vice versa. We have

done such experiments in the F - 3 * 4 transition of 8 5 Rb at X -

780 nm with diode laser light, and have shown that sub-Doppler

heating and cooling can be interchanged with opposite longitudinal

II



Gupta, Padua, Xie, Batelaan, and Metcalf: Longitudinal Fields.

field directions, in good agreement with this model. Such experi-

ments may also allow us to characterize precisely the magnetic

fields seen by the atoms along their trajectories in the beam.

The simplest angular momentum schemes that permit sub-Doppler

cooling have 4 levels, and one example is an F - I * 0 transition

in either a linearly or circularly polarized standing wave with a

weak transverse magnetic field. The 28% abundant 87 Rb isotope has

an F = I * 0 transition that is ideal for studying this simplest

possible case. Magnetically induced laser cooling can reduce

atomic kinetic energies to below the peaks of the spatially peri-

odic potential seen by the atoms as a result of their light

shifts, thus channeling them between the planes of the standing 0 0

wave. Furthermore, their deBroglie wavelengths become corparable

to the channel size so that their motion is quantized in these

half-wavelength sized optical traps.

This F - 1 * 0 transition produces only one light-shifted

level, and thus only one ground state sublevel that can support

bound quantized states. An rf-induced transition that would

change the populations of the quantum vibraticnal states of this

potential (see Fig. 1) would be particularly easy to interpret,

and would be subject to easily understood Zeeman shifts in a

longitudinal field. We are presently studying this problem.

Supported by NSF, ONR, AFOSR, and CAPES (Brazil)



Gupta, Padua, Xie, Batelaan, and Metcalf: Longitudinal Fields.

FIGURE CAPTION

A~)

Figure 1. Energies of quantized states in the optical light shift

potential for an F - 1 * 0 transition in circularly polarized

light with no magnetic field (left) and positive longitudinal

magnetic field (right).
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Abstract Submitted

for the May 1993 Meeting of the

Division of Atomic, Molecular and Optical Physics

Physical Review Bulletin Subject Heading
Analytic Subject Index in which r should be placed:
Number: 32.80.Pj L=

A Sinwkel Esibi Scheme Ear "JhMWeTTN Laaw
Cooing. R. GUPTA, S. PADUA, C. XIE, H. BATELAAN, and H. a
METCALF, SLUNI M Irok- The simplest angular momentum
schemes that permit sub-Doppler cooling have 4 levels, and one
example is an F = I * 0 transition in either a linearly or cir-
cularly polarized standing wave with a weak transverse magnetic
field. The 28% abundant 17Rb isotope has an F = 1 * 0 transi-
tion that is ideal for studying this case. Magnetically induced S
laser cooling can reduce atomic KE to below the peaks of the
spatially periodic potential seen by the atoms as a result of
their light shifts, thus channeling them between the planes of
the standing wave. Furthermore, their deBroglie wavelengths
become comparable to the channel size so that the motion is
quantized in these half-wavelength sized optical traps. This F 0
= I * 0 transition produces only one light-shifted level, and
thus only one ground state sublevel that can support bound quan-
tized states. An rf-induced transition that would change the
populations of the quantum vibrational states of this potential
would be particularly easy to interpret, and would be subject to
easily understood Zeeman shifts in a longitudinal field. We are
presently studying this problem.

Supported by NSF, ONR, AFOSR, and CAPES (Brazil)

Submitted by Harold Metcalf
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Abstract Submitted

for the May 1993 Meeting of the

Division of Atomic, Molecular and Optical Physics

Physical Review Bulletin Subject Heading
Analytic Subject Index in which paper should be placed:
Number: 32.80.Pj

Bania P1ocess in SubkogICxIj~ L& Coing. C. XI1., S.
PADUA, R. GUPTA, H. BATELAAN, and H. METCALF, SUNY
&Mtn, D=k - We have observed a new type of sub-Doppler laser
cooling with neither polarization gradients nor magnetic fields.
All known sub-Doppler laser cooling methods require one of these
two to redistribute the atomic population among the energy le-
vels. This allows the irreversible processes of optical pumping
(OP) to manipulate the conservative force of light shifts (e.g.
resonant exchange between the two beams comprising a standing
wave) [I) into a damping force. Our scheme employs stimulated
Raman transitions between ground state hyperfine levels of Rb
with a bichromatic standing wave, accompanied by a momentum
change of Ap = 2hk. OP, with ap = I hk, creates a population
imbalance allowing repetition of the Raman process. When the
detuning of the light from Raman resonance a is properly chosen, '

the net momentum exchange damps the atomic motion. Changing a
by only y/6 (1 MHz) replaces cooling by heating. This process
separates the velocity selective Raman resonance and OP proces-
ses differently from others, and helps clarify the role of these
different mechanisms.

I. G. Nienhuis et al., Phys. Rev. L44, 462 (1991).
Suppoved by NSF, ONR, AFOSR, and CAPES (Brazil)

Submitted by Harold Metcalf/
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Abstract Submitted

for the May 1993 Meeting of the

Division of Atomic, Molecular and Optical Physics

Physical Review Bulletin Subject Heading
Anal ti Subject Index in which paer should"be placed:Num'9;: 32.80.PJ L oln

3Iant,, Efft in LaM o .oling S. PADUA, C. XIE, R.
GUPTA, H. BATELAAN, T. BERGEMAN, and H. METCALF,
_ L1- S t. k - Transient laser cooling (TLC) can produce

cooling and heating, but often with the opposite detuning from
that found in steady state. In TLC the time scale is set by the
optical pumping (OP) rate to a state not coupled by the laser
field. The combination cf such OP processes and the conservative
light shift potential Uosin2kz leads to TLC. The average PE of
atoms entering a standing wave is Uo/2. They experience the op-
tical force unfit undergoing OP to an uncoupled state, which is
more likely to happen at high light intensity, near an antinode.
For a > 0 this means higher PE and thus lower KE, and conversely
for a < 0. In TLC there is no final *temperature' resulting from
competition between a damping force and diffusive heating. In-
stead the changes in KE are bounded by Uo so that the signal *
widths decrease with intensity. This can result in sub-Doppler
widths. We have made two independent Oteoretical studies of these
experiments. In a semiclassical calculation we evolve the motion
fo .l ca~iuated OP time and calculate the velocity distribution.
We have also performed fully quantum mechanical calculations of
the motion of atoms in the standing wave whose basis set consists
of product states of internal and external atomic coordinates.

Supported by NSF, OtYR, AFOSR, and CAPES (Brazil)

Submitted by Harold Metcalf
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Abstract Submitted

for the May 1993 Meeting of the

Division of Atomic, Molecular and Optical Physics

Physical Review Bulletin Subject Heading
Analytic Subje4 t Index in which paper should be placed:
Number: 32 SO.Pj L tw% inn

Longitudinal Magnd &ield Effe in Su le
Cing - R. GUPTA, C. XIE, S. PADUA, H. BATELAAN, and H.
METCALF,SUN &M Brook -- Sub-Dopplerlasercooling can be
achieved in the absence of polarization gradients when a weak
transverse magnetic field is used for mixing eigenstates of the
light shift operator. By contrast, Zeeman shifts from magnetic
fields BI &Log the quantization axis can add or subtract with
the light shifts of those states. B1 thus provides an addi-
tional degree of freedom for studying magnetic effects in laser
cooling since the set of sinusoidal potentials that derives
from the spatially periodic light shifts in a standing wave can
be manipulated with the field. For example, with circularly
polarized light, a finite BI can switch the normal heating to
cooling, and vice versa. We have done such experiments in the '
F =3 I* 4 transition of 85Rb at x = 780 nm with diode laser
light, and have shown that sub-Doppler heating and cooling can
be interchanged with opposite longitudinal field directions, in
good agreement with this model. One application of such
experiments is to characterize precisely the magnetic fields
seen by the atoms along their trajectories in the beam.

Supported by NSF, ONR, AFOSR, and CAPES (Brazil)
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Abstract Submitted

Division of Atomic, Molecular and Optica Physics

Physical Review Bulletin Subject Heading

AnltcSbect Index in which paper should be placed:N m e:32.80.PJ L =~ C00110

sub-I~ Ma~ #1ina qf M lt~~1 & M. WIDMTER,
M.J. BELLANCA, E. VREDENBREG"7, T1. BERGEI4AN, and
H. METCALF, S1bLY- nM E~k-Wehaveabserved magnetic-
ally induced laser cooling (MILC) on the I =I -# 2 component of
the 23S P 23P transition at x = 1.083 oim ~in metastable helium
(He*). At low magnetic field the measured widths of our atomic
velocity distributions are as narrow as 2hkf- corresponding to a
temperature a 3 ~A (Il-D Doppler limit a 26' X). At higher fields

(-150 mG) the velocity distribution splv., into two peaks of
sub-Doppler width whose separation is proiv. tional to the Zeeman
splitting. Our measuremnents are cons--- with model calcula-
tions based on the time evolution of .:.zatnm density matrices.
Our experiments explore the transition, %vgime between the quan-
tumn mechanical and semiclassical w. -ý.els of momentum exchange in
atom-light interactions because. of the large ratio (0.4) of the
recoil velocity !hk/M -to the rm- of the Doppler-limited velocity
distribution lhhd3M for this trantsition. We use a sup;,rsonic
LN2 cooled. nozzle source excited by a de discharge for He', ard

we excite the 23P stat with a home-built diode-laser-pumped LNA

Supported by NSF. ONR, AFOSR, and Dept. Edw~.
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Abstract Submitted

for the May 1993 Meeting of the

Division of Atomic, Molecular and Optical Physics

Physical Review Bulletin Subject Heading
-Analytic Subject Index in which paper should be placed:
Number: 32.80.Pj = o

QOuantum Calcuations For One-Dimensional Cooing QL
lelium. E. VREDENBREGT, M. DOERY, T. BERGEMAN and

H. METCALF, SUNY a Brok - We report theoretical velocity
distributions for sub-Doppler laser cooling of metastable
He*(23S), calculated with the Density Matrix 1) and Monte Carlo
Wavefunction 2,3) approaches. For low-field (B = 50 mG)
magnetic-field induced laser cooling on the 23S -- (23P, J = 2)
transition (N = 1083 nm), we get a narrow, sub-Doppler
structure, consisting of three, - 1 photon recoil wide peaks,
spaced -1 recoil apart. With increasing field, this three-peak
structure develops into two velocity-selective resonance (VSR)
peaks, each -2 recoils wide. For the 23S -) (33P, I = 2)
transition (A = 389 nm), V'SR peaks are predicted to appear at
low field without the third, central peak, which only develops
at higher field (B = 200 mG). Additional computations deal with *
polarization-gradient cooling. In general, we find that for one-
dimensional cooling calculations, the Density Matrix method is
more efficient than the Monte Carlo Wavefunction approach.
Experiments are currently under way to test the results.
Supported by NSF, ONR, AFOSR and CNSF.
1) Y. Castin, J. Dalibard and C. Cohen-Tannoudji, Proceedings
LIKE, Eds. L. Moi et al. (ETS Editrice, Pisa, 1990) pg. 5
2) J. Dalibard, et al., Phys. Rev. Lett. 68 (1192) 580
3) R. Dum, P. Zoller and H. Ritsch, Phys. Rev. A45 (1992) 4879
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AB2STRACT CONTRIBUTED TO WORKSHOP ON QUANTUM OPTICS

JILA, UNIV COLORIADO, BOULDER, CO 30 JUNE- 2 JULY 1993

DARK STATES AND LASER COOLING

R. Gupta, S. Padua, C. Xie, M. Widmer, M-J. Bellanca, 0

H. Batelaan, E. Vredenbregt, and H. Metcalf

PHYSICS DEPT. STATE UNIVERSITY OF NEW YORK, STONY BROOK, NY 11790 0

L In~dgct. We present the results of a suies of one-dimensional laser cooling
experiments where atomic dark states play an important role. In some cases the atoms are
removed from the dark states, and this process is vital to the cooling mechanism. In other
cases the dark states are velocity dependent, and thus atoms in such states arc "ucd" by 0
virtue of their narrow velocity distiibuti('n. All the e.periments are done in a one-dimen-
sional standing wave at sufficiently low intensity and large detuning that the excited
state population is small. The laser beams are. crossed by 2n atomic beam that is cooled in
its transverse direction by its interaction with the light field.

We define a generic dark state as a stationary state of the Hamiltonian X, that can not 0
be excited by the light field. R1 must include the atom-light interaction as well as the
kinetic energy of die atomic motion. In principle, atoms in a dark state could be detected
by magnetic deflection or by excitation from a probe laser beam not included in R.

.ILL LM W.in In the first of the four studies reported here, we
consider cooling in the non-steady state case. The optical Bloch equations cannot be I
solved by setting dp/dt = 0 as is usually done, because now atoms are quickly pumped into

. uncoupled ground states (e.g. alkali hfs) at a rate 1p. Even in the short optical pumping
time lhy, atoms are subject to the conservative force from the light shift potential
(calculate by adiabatically eliminating the excited state). Its sinusoidal spatial depen-
dence, togethe with optical pumping to the dark state, can be exploited to reduce the
avenage KE of the atoms. 0

We consider the case of a blue-tuned laser field whose light shift is positive. Atoms
that enter in the antinodes are quickly pumped to the dark state by the high intensity
light before there is enough time W 1heir KE to change significantly. By contrast, atoms
that enter in the nodes must travel to a higher wntsiry region before they can be pumped,
and in doing so must work against the positive light shift and therefore be slowed. Thus
on the avege atoms axe slowed, n cooled. For red tuned light the atoms wre heated.
Once pumped to the dark sate, the cooled atoms are unpertubed by either the conservative
force or mometumn diffusion because they no longer intec with the light.

"IZ r A-41~y Slctv Caheuign 2ýMlauigfi ltmwng (V'SzCPT) in some arrngements
polariaion ad atomic angular mromentum, atoms irradiad by light beams of different I

ptohld~~os may be optically pumped to a coherent dark state. This occurs if the light
beams are resonant with a Raman u-sition to provide cheence. For a degenerate pair of
ground state sublevels, the two liglt beas must have the same frequency in the atomic



frame. When they also have the same frequency in the lab frame, then only atoms with < v >40 in a coherent superposition states of v = ±hk can populate the dark state. Moving atoms
will see opposite Doppler shifts of the two laser beams so the Raman resonance ccaidition is
not fulfilled unless the atomic energies (including KE) are appropriatel]' split. For cases
studied up to now, the dark state can only be reached by a random walk in momentum space
(associated with spontaneous emission) with steps of size Mk. Thus the rate of populating
the dark state is quite small.

Recently two groups have suggested that the polarization scheme lin z lin at 45u can
both produce dark states and provide polarization gradient cooling into them We have
observed the dramatically increased rate of populating these states in the J = 1 1 tran-
sition of metastable He. This has enormous pro~nse ior pioduction of diffraction limited
atomic beams (limited only by their deBroglie wavelength). We are now studying this effect
for quantitative comparison with theory.

"I3 SimT • Angula Momentum ghe fofr Su-b- ler Lasr Coling (SDLC) All
the polarization gradient and magnetic mixing schemes of SDLC rvlui-e m'!ltiple gr',und state
sublevels and optical pumping among them. The natural question to ask is "What is the sim-
plest possible level structure that permits all typcs :)f SDLC?" For realisdc situations,
this "hydrogen atom of SDLC" is an F - 1 * Fe = 0 transition. Such a system always has
dark states in I-D, although the choic of basis determines their composition from the MF
states. In a pure standing wave there are always two dark states, but in a polarization
gradient there is only one. Atoms pumpexi into *.hee may be %-leased fr-rm &thm by an
appropriate B field.

We have demonstrated all the different types of SDLC in this system using 87Rb. These
include lin I. lin and o,+ - a- polarization gradients in a B ftIld to empty the dark states.
The t field must not be parallel to any polarization axes, and must be strong enough to
define the quantization axis. All these experiments can be described by a Sisyphus picture 0
of cooling to v = 0. Furthermore, we have observed several examples of SDLC to a non-7ero
velocity proportional to IBi using velocity selective Raman resonances (VSR). All our F =
I * 0 expenrments can be described in the momentum exchange picture of VSR.

LL, - Fre-uency SL Selection rules for the F = I * 0 excitation do not allow
decay to a Ork hfs state, so re-pumping is not necessary, but this is not so for all exci-
tations. In -'Rb we used two frequencies of light generated by an EOM and tuned to couple
the hfs ground states via Raman resonance. When the nodes of the two standing waves coin-
cide, there is only Doppler cooling. However, wh-n the nodes are separated by X/4 there is
another type of Sisyphus cooling with both lasers tuned blue of resonance, or heating with
red tuning. We have measured the dependence of the cooling efficiency on this spatial
phase shift and found it sinusoidal, as expected. Furthermore, we also observed VSR peaks
that shift linearly with the detuning from Raman resonance in this configuration.

When the two lasers have opposite detuning. one red and one blue, a deflection force
appears that does not change sign with velocity. We measured the velocity dependence and
capture range of this optical rectification force and found it to be consistent with a
simple model.

MI. £ lusion In sections 11.1 and 11.2 we described experiments where atoms are
pumped into dark sates, and in 1.3 and 11.4 we described experiments where dark states
were emptied by a 8 field or by light of a different frequency. In each example atoms were
cooled below the Doppler temperature (to the recoil limit in VSCPT). In all cases there is
a conservative force from the spatially varying light shift potential, and this is mani-
pulated into a dissipative force by the irreversible process of spontaneous decay.

Supported by N.S.F., O.N.R., and A.F.O.S.R.
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a reprint from Optics Letters 173

Beam profile flattener for Gaussian beams

C. Xie, R. Gupta, and H. Metcalf

Department of Physics, State University of New York at Stony Brook, Stony Brook, New York 11790'

Received September 8, 1992

We describe a novel technique to make s Gaussian laser beam profile spatially flat. We exploit the angular
dependence of the transmission of an 6talon to tailor the apatial profile to the desired form. A simple analysis
ahows why our method works so well and how an 6talon could be tuned to give the optimum results at all
wavelengths. This technique has enormous advantages over other methods.

The output beams of most lasers are not spatially Such a filter overcomes the great loss of laser
uniform because the resonant modes of their op- power that occurs when one uses an aperture as
tical cavities have Gaussian profiles. The output described above, but there are at least three severe
beams of single-mode lasers are usually in the fun- disadvantages to this method of beam profile flat-
damental TEMoo mode that has a Gaussian spatial tening. First, although such filters are commercially
profile. Since a number of experiments require a available, they are expensive and usually custom
flat spatial beam profile, it is important to be able made. Second, it is necessary to choose a filter for
to transform to this kind of laser beam, and several a particular value of P and wt and then match the
techniques for converting these Gaussian beams to laser beam waist to the filter. Any flexibility would
others that have flatter profiles have been developed, demand an assortment of such filters. Third, mount-
We demonstrate a new but relatively simple approach ing and alignment of the filter is quite critical; it must
trtt has the advantages of being highly efficient, be centered precisely on the laser beam.
quite fleAible, and low cost. We have developed a beam profile flattening scheme

There are at least two obvious ways to perform this that has many of the advantages of both of these
task. One is to block all but the central region of methods without their disadvantages. We exploit
the laser beam with a small aperture. The resulting the angular dependence of the transmission charac-
beam intensity has a central maximum and decreases teristic of a thin Fabry-Perot 6talon to tailor the * 0
toward the edge, but the decrease is not significant if spatial profile of the beam as desired. Transmission
the aperture size is small compared with the Gauss- of a nonparallel beam through an dtalon gives the
ian beam half-width. The advantages of this method familiar bull's-eye pattern similar t9 Newton's rings.
-ire its low cost and ease of implementation. The With the proper choice of various parameters, the
principal disadvantage of this method is the loss central region can have transmission P < 1 at r - 0,
of light. In order to have the intensity difference and its increase toward the first bright ring at r - r,
between the center and the edge be less than 5%, can vary nearly as PIGfr).
the aperture can only transmit less than 5% of the For a parallel beam of light whose wavelength is
total beam power. Another disadvantage arises from A in air incident at angle 0, the transmission in air
diffraction by the aperture's edges; the experimental of a solid 6talon of thickness d, reflectivity R, and
region must not be separated from the aperture by refractive index n' is'
too many times its diameter, or imaging optics must 1
be employed. T(O') - I +1)

Another way is to use a filter whose transmis- 1 + F sin.(a/2)
sion is not spatially uniform. Consider a nonuniform where a m 4rn'd cos W/A m a cos 0', F a 4R/(I -
filter whose transmission T7r) increases from some R)2 , and n' sin 8' - sin 9. This function is plotted
value 0 < 1 at the center (r - 0) to unity at some in Fig, 1, At the center, where 9' - 9 - 0, the
distance r, from -.he center. We define Gr) as a transmission 0 is given by 1/fl - 1 + F sin2((/2),
Gaussian pr4rfle of chareteristic width w, and let the and 0 < I ks expected.
transmission vary -s iNr) - P!Gr) for r < r,, where For a tunable laser in an application where the
G<rJ) - P. ani 71r) - 1 for r > r,. The profile of a laser frequency is not crucial, the frequency can be
Gaussian laser beam of waist w, - wt trFosmitted by adjusted for selection of any chosen value of P. For
such a filter is uniform over the regioi roam r - 0 an 6talon -1 mm thick, a - 4vn'd/A - 104, so a
to r,. For p - 1, r, - 0, and the pc%- of such a shift of only a few gigaherta can vary (1 - 0) by a
beam is zero, but for p - 1/e2, this area extends factor of 3 or more. In a spectroscopy experiment
until r, - w,. The intensity in the uniform part of where the laser frequency is constrained by atomic
the be-m profile is 0 times smaller than the peak resonances, the value of 0 can instead be adjusted by
intensity of the original Gau-sian beam, and the varying d or n'. It is particularly convenient to use
total power transmitted in the fiat profile region is an air-spaced 6taldn that can be tuned by varying d
-•n(p) times the lawr beam power. with piezoelectric elements. On the other hand, a

0146-9592!93& 173-0395.0O(O 0 1993 Optical Society of America
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P's. Of course, the choice of which parameter (T, p,.E_• '/JJ!-•/ /•J" or FP tocancel which term in 01 can be made in any•-

., "\ / order, and F could be used, for example, to choose P.
""V This system has several obvious advantages over

previously used beam-flattening methods. First, it ()
allows maximum flexibility for the use of the avail-

e able power and still achieves extraordinary unifor-
Fig. 1. Angular dependence of the transmission of a mity across the beam profile, as shown in Fig. 2.
Fabry-Perot 6talon. Second, it is easily adjustable for beams of different

sizes. The angular divergence is simply adjusted
solid 6talon can be tuned by varying its temperature, with a small Galilean telescope. No centering of
which changes a through both n' and d.23 For an the beam or the dtalon is needed. Third, its cost
dtalon of modest reflectivity (F - 3), f can be varied is much lower than that of most available Gaussian

by 0.5 by a change of just a few degrees Celsius. filters, and suitable dtalons are widely available. By
7b calculate the effect of the filter function T(') ontrast, it has two notable disadvantages. First, 6

on a diverging or converging Gaussian laser beam, is frequency dependent, and in a scanned frequency
we note that because a is so large, the lowest-order spectroscopy experiment, the dtalon spacing or tern-
region requires only a small divergence angle. Thus perature would have to be tuned with the laser. In
we can restrict our attention to 0' << 1, expand cos 0', addition, there might be some problems with multi-
and keep only the first two terms. We write mode lasers, but since typical mode separations are

a few hundred megahertz, the effect on p should
2 sin&(a/2) = 1 - cos(a cos 0') be small. Second, light that is not transmitted by

the 6talon is reflected back to the laser, where such
- 1 - cos[a(1 - 612/2 + ... )] feedback may cause stability problems.
- 1 - cos(a)cos(a8 4/2) In our experiments, we use diode-laser light to

excite atoms in an atomic beam. We need a rect-
- sin(a)sin(a0'/2) + .... (2) angular beam of light that is uniform only along

the atomic beam direction. Furthermore, we can
Even though a 10', a012 varies between 0 and 21r, afford to have absolutely no reflection back to the
so the approximation a0"/24 << 1 in Eq. (2) is very laser because diode lasers are extremely sensitive
well satisfied. to tiny amounts of feedback. Fortunately the 6talon

To see that such a filter function will efficiently flat- filter described above offers solutions to both of these
ten the profile of a Gaussian beam we note that for a problems by using higher orders of the 6talon for
diverging or converging laser beam, 0 is proportional beam profile flattening. In this case, the beam is
to the distance r from the center in a plane perpendic- diverging in only one dimension, and the dtalon is
ular to the beam axis. We write r - OL, where L >> tilted to some few-degree angle 0, with respect to
d is the distance from the beam waist to the 6talon, the laser beam. Thus the transmission pattern is
and 0 - n'W' because 0 << 1. We write the beam a series of unequally spaced parallel stripes instead
profile as Gi(r) - G1(n'LB') - exp[-2(n'L&'/wi) 2 ], set of rings, and we work in one of the outer stripes.
T(W')G 1 (8') - 0, and expand both T(W') and GO(6') Of course, the range of angles 0' about 80 is still
about 0' - 0. We find that restricted to allow sin(&,/2) to range over less than
1 .- 2(p0')2 + 2(p) +. one cycle.

This scheme offers two additional advantages over

-fi + (F/2)[1 - cos(a)cos(a0'1/2) the zero-order method described above. First, the

- sin(a)sin(a8'/2)D, () choice of 0, offers yet another free parameter to help
flatten the beam pro~le. For example, 0o can be var-

where p - n'L/w1 and typically p >> 1 ied to maintain 0 in a frequency-swept spectroscopy
Equating the W'-independent terms gives 0 as dis. experiment. Second, light not transmitted by the

cussed above, and choosing a particular spacing or ...... __-_........_,

temperature sets both a and p for a given 6talon "
(fixed F). Comparing the next-order terms in 0',
we find that the condition for cancellation of the
61 term is aF sin(a) - BpI, and it can be satisfied -• ____

by varying L (and thus p) with a small telecope. "t _
Similarly, the condition for cancellation of the 0"
term nisPaF coB(a) - 32. This last oondition can
be met by selecting F and modifying the 6talon spac-
ing or temperature accordingly to maintain the de- " , .
sired a. The two conditions together require that -,., ,, . .
co(a) - F/(F + 21. Keeping terms in 9" in Eq. (2) Fig. 2. Calculated transmitted profile of a Gaussian
does not change these conclusions but only causes beam by a solid #talon for mveral different values of 0.
small changes in the numerical factors. Figure 2 Here 0 is varied by choosing R to be 10% (curve (a)), 30S
shows plots of the function T(r)GI(r) for a range of (curve (b)), and 50 l(curve (c)l.

lp
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,....'.... '.. .. .is not discussed here, but the results of numerical

(b) •calculations are presented in Fig. 3.
We have measured the flattened beam profiles pro-

so- duced this way for several different laser and 6talon
"parameters and present the results in Fig. 4. In
all cases, the exparimental curves in Fig. 4(a) are

L tin excellent agreement with the calculated curves
OIL in Fig. 4(b). The most striking aspect of Fig. 4 is A)

not the good agreement between the measured and
, ., calculated beam profiles but just how flat the profiles

can be made with this simple device. By chang-
3. Calculated transmitted profile of a Gaussian ing the angle of the 6talon, one can tailor a profileFig. .CacltdtasitdpoieoaGasin that is very fiat from one end to •,.ae other. The

beam in one dimension by a solid dtalon in third order slight asymmetry introduced by the asymmetry ofthe

(third ring). Curve (a) shows the transmission function, trasmiss intcuvecan b y partalycmetey a

curve (b) shows the Gaussian profile, and curve (c) is their transmission cutte can be partially compensated by a
product. slight additional tilt and can be minimized by using

a higher-order transmission curve. We found that,

over a wide range of values of P, typically 40% of
thE laser beam power could be in the top-hat.shaped

S, / \profile this way.
All the measurements were done with a Sharp

S4 / \,LT021 5-mW semiconductor laser operating at 780
ra nm at room temperature. The solid 6talon was a-0.6

. -.\\ mm thick and coated for R s 30% at A - 800 nm.
:..- " , •The spatial profile was scanned with a photodiode by

using a 100-Am slit mounted in front of it.
a. • "° .. In summary, we have demonstrated an extremely

flexible, efficient, and low-cost technique to make a
aw" Afts) Gaussian laser beam profile spatially flat by exploit-
(a) ing the angular dependence of the transmission of an

_talon. The method can be easily scaled up to high.,
power lasers for industrial cutting and welding and 0

0., "scaled down to miniature devices for printers, com-
munications, and medical diagnostics and treatment.

, It can be used in the uv for curing, photolithography,
and semiconductor processing and in the IR for heat-

S..ing. It is applicable to any Gaussian beam but may
be especially useful with diode lasers that have dif-

y "ferent angular divergences in two dimensions. One

-. , -W .... .to. to" ...o a.. $,, °,. could also imagine using the spatially dependent light
shift of atoms traveling through the ring pattern as a

(b) Fresnel lens for focusing the atoms. One future topic
Fig. 4. (a) Measured and Wb) calculated spatial profiles for study is the long-distance propagation of the sub-
of a hiode-laser beam using our solid 6talon. Gaussian transmitted beam and the super-Gaussian

reflected beam. We have calculated that the phase
fronts of the fiat profile region are quite uniform and

4talon is reflected, and the spatial profile of the light thus expect this portion of the beam to propagate as
beam reflected out at angle 29. has a strong central a plane wave over a long distance.
intensity maximum that can be easily injected into
a fiber and/or used for laser diagnoetice such as sat- This research was supported by the National Sci-
urated absorption for laser fiquency locking. Note ene Foundation, the U.S. Office of Naval Research,
that this scheme flattens the beam profile in only one and the U.S. Air Force Office of Scientific Research.
dimension instead of two, but that is precisely what
is needed for exciting atoms in a beam that crimes Refacea
the laser beam,

The few center stripes of the transmission pat. 1. M. Born and E. Wolf, Principleu of Optics (Pergamon,
tern are rather asymmetrical about their minima New York, 1975), p. 327.
(Fig. 1), but the next few are quite satisfactory, both 2. For a temperature r we have da/dr - a[(1/n')(dn'/dr) +

(l/d)(dd/dr)]. For a quartz dtalon, the first term inbecause their aymmetry is relatively small and be- brackets is 6.5 x 10-4/1C and the second term is 0.55 X
eaube they are not so tiny that they are difficult to IO-'I/C,3 so for a - 10', do/dr - 0.07 rad/*C.
use. Expansion about ' - 9./n' instead of 0' - 0 is 3. W. Koeehner, Solid-State Loser Engineering, 2nd ed.
atzaghtforward, but in that case p is determined by (Springer-Verlag, New York, 1988), pp. 217-218.
F _Ltad of being a free parameter. The expansion
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Trnsmet Laser Cooling

S. Padua, C. Xie, R. Gupt, . I. Batelaan, T. Bergeman, and H. Metcalf
Physics Departmnr. State Unfikrsety of New York. Stony Brook, New York 11790 0

(Received 17 ftvruary 1993)
We observed a new type or sub-Doppler cooling that employs neither polarization gradients nor mal- 4'

Netic kids, and involves neither a damping force nor significant diffusive heating. Instead, light shifts
combined with optical pumping (OP) to levels not coupled by the laser field gives transient cooling, and
steady state is not achieved. The time scale is set by the OP rate. We observe both cooling and beating,
but often with the opposite detuning from that of steady state. A semiclassical and a fully quantum
mechanical calculation of transient cooling agr very well with one another ad with our data.

PACS ambervs 32380 .Pj

Laser cooling of neutral atoms requires velocity- force cannot be defined (81.
dependent optical forces that arise from the motion of an For an intuitive understanding of how transient cooling
atom in a nearly resonant light field. If the selection works, consider the conservative motion of atoms that
rules require that excited atoms spontaneously decay to enter a standing-wave field nearly transverse to its k vec-
only the initial state, the velocity-dependent interaction tors, but with a small velocity component r, of a few cm/s
arises from the Doppler shift of the laser-driven transi- parallel to k-kh. Such atoms experience a spatially
tion. In this case one readily calculates a minimum varying light shift potential U(z) -Uosin 2(kz) that pro-
achievable temperature called the Doppler limit, TD duces a sinusoidal force. (Uo takes the sign of the detun-
inhv/2kj, where ta 1I/y is the excited-state lifetime (W]. ing $awt.- atm. and is proportional to the intensity at
By contrast, if the ground state has multiple sublevels ac- low intensity.)
cessible from the excited state, much lower temperatures The atoms experience this force until they are optically
are achievable [2-41. The transitions from these sublev- pumped to a dark state. Since the OP rate r,(z)m jp
els may be driven by different polarizations, and thus xsin2 (kz) vanishes at the nodes OP is slower for atoms
sub-Doppler temperatures are often associated with po. that enter the standing wave near a node, and thus thelarization gradients. The cooling force derives from the average kinetic energy (KE) change is greater for such 0
failure of the internal state of moving atoms to follow atoms. For 8 > 0, more KE is lost by atoms moving away
adiabatically the changing optical environment of a spa- from a node than gained by atoms moving away from an
tially inhomogeneous optical field, such as that produced antinode, so on average atoms lose KE [Fig. 1(a)] and
by light beams of different polarizations. conversely for 8 < 0 (Fig. I (b)). This contrasts with oth-

For slow enough atomic velocities, however, this non- er types of cooling where the optical force may either
adiabatic part of the force is small compared with the heat or cool the atoms depending on both the angular
velocity-independent force that derives from the spatially momentum scheme (F#-F,) and the detuning: Here
varying light shifts of the atoms. In a standing wave, this 6 > 0 always gives cooling.
conservative force produces channels that can strongly We have performed classical trajectory calculations
influence atomic motion or even confine atoms in )V2 size based on the above model by integrating the equation
regions (S,6). Furthermore, spontaneous decay in a mn'-kUosin(2kz). For initial conditions we choose vo
standing wave can provide the irreversible process needed and zo distributed uniformly in the intervals (-30,301
to produce a dissipative force that cools atoms 171. cm/s and [0,/21, respectively. In the weak excitation ap-

We report here a theoretical and experimental study of proximation, the upper state can be neglected, and the
sub-Doppler atom cooling achieved by transient effects of ground-state potential amplitude Uo-2h.C6lL, where
laser excitation. We have found that cooling and heating s-1i/I. is the laser saturation parameter, C is the
can occur when the atom Ig through only a few opti- strength of a particular transition, and L - I +(26/y)2.
cal pumping (OP) cycles, but often with opposite de- The saturation intensity for the strongest component of
tuning from that of steady-state situations. In most other this transition (C-I) is lao,/Aira', 1.6 mW/cma in
types of sub-Doppler laser cooling, a damping forme Rb. whereti-I/y 27ans.
F- -t(pYW) can be computed from the steady-state From the solution :(0) to these equations of motion we
solution of the optical Bloch equations for the density ma- find the OP rate y,6(t)-•fsmn'[z(t)], where fP-2sC
trix p. This is appropriate because the luer cooling pro- xtIO(L + C) and 8 is the branching ratio to the dark
eses gemrally continue for times long compared with states. Then the probability of OP between I and t+dt is
OP transients. In transient laser cooling, the time scale is pThe primitive of
set by the OP rate to a ground state that is not coupled to P(t) is then inverted to find a distribution of pumping
an excited state by the laser field ("dark state") so times. A Monte Carlq approach uses these pumping
steady-state solutions an inappropriate and a damping times to terminate the classical motion, and the resulting
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-.... ..... where OP occurs, we use di -dzl,,, and set

j u. :A ,(y,p(z)lV,Ildz.,W

I For E > 2UO, the variation of P1 with : has little effect on
WTI zl so it comes out of the integrals, and we find

sin 2(ki,-0.83. Thus atoms undergo OP from a posi-jJ \ \/• zion where their average light shift (potential energy) is !.

V "-1VUo, a& since their initial spatial distribution was
uniform so their average initial potential energy was
Us/2, the average total energy change is &E - - Uo/3.
This is a mechanical energy Ioss for 0o > 0 (8 > 0) and a

tain for Uo < 0(6 < 0). This process does not make a
very large change in the velocity distribution for atoms

" .with more than a few times Uo because p/v,/r. -&E
J k_2E - -UOU6E. This estimate of the capture velocity is

, * *consistent with the detailed computational results of Fig.
II and with the data.

(W) In this transient cooling process, the final velocity dis-
tribution does not result from competition between a
steady-state damping force and diffusive heating. Insteadwe find the changes in KE are bounded by Lo. The

FIG. 1. (a) The tight shift potentil and optical pumping widths of the cooling peaks (and heating dips) in the
scheme for 5>0. Atoms entering near a node travel further measured velocity distributions decrease with intensity so
before OP, and therefore ke moe KE than atoms entering that widths substantially below the Doppler limit are at-
ear an antinode, which travel a shorter distance before OP.

(b) Similar to (a), but for 6 < 0 atoms pin more KE than they ta heable, as shown by our measurements.

lose. (c) Velocity distributions found from the samiclas•al The experiments use a thermal beam of natural Rb

aculation (dots) for the transition shown in the inset. Here produced by an oven at T-150*C with horizontal slit

s-0.66 and - + 12 M Hz (as in Fig. 3). -Snapsots"of the aperture 0.06 mm high by 2 mm wide, and a vertical
velocity distribution are made at times 3, 6, and 9 ps. The sid beam defining slit 2 mm high by 0.06 mm wide about 35 0
fire" show the results of quantum mechanical calculations for cm away (9]. The atoms emerge from the vertical slit in

the same cndition. (d) Similar to (c) but for S- - 12 MHz. a fan-shaped beam and then interact with a pair of coun-
lant: One of the simplst level schemes for transient cooling, terpropagatin laser beams transverse to the atomic beam
F, - I - F, -0 with a* excitation. axis. The nearly flat atomic beam l~rofile is measured

with a scanning hot platinum-tungsten wire, 25 am in di-
velocity distribution is calculated, ameter, 1.3 m away from the region of interaction with

We have applied this approach to tht simplest atomic the laser beam. Three square Helmholtz coil pairs cancel
"scheme of the classical scheme above, an F - I - 0 tran- the Earth's field.
sition with a+ excitation, shown in Fig. I (gnst). Re- A 35 mW Sharp LT025 diode laser is locked at the
suits of these calculations are shown in Figs. 1(c) and 5S-- 5P transition of Rb near 1-780 nm by saturated
1(d) (dots). The sharp features in Fig. 1(d) for 6<0 absorption in a vapor cell at room temperature. The spa-
occur at stationary points where Ewe-Va. it is clear tial intensity profile of the 23 mm long x 5 mm high laser
that this simple model of trazent laser interaction gives beam is flattened to a few percent by a tilted etalon [10g.
cooling for blue detuning and heating for red datuning for For thermal velocity atons (F--350 mWs) the average in-
this F- I - 0 transition. teracan time is 63 ps. The turn-on and turn-off edges of

Figures I(c) and I(d) also saow remarkable agreement the light fe are sharpoene by an aperture and
between the law 1 raults and results of a fully quan. diffraction limited to about 0.3 mm, corresponding to an
turn ma•chnical calculation including the excited state entrance and exit time of < I #s for atoms at thermal ye-
explicitly (solid lines). The sharp cooling and heating acity. For most experimental c nditio, the OP time is
fatures in the classical results a moohed in the quant- logr than I Os
tum results. We attribute this to neglect of the uncer. In order to explore the phenomena sketched above, we
tainty in position and of recall in the classical calculation, have measured the transverse velocity distribution of our

We can estimate the velocity capture rane of transient atomic bum after it passe through the circularly polar.
blue cooling for atoms that move freely without being lied standing wave in nro magnetic field. For the
channeled between the planes of the standing waves. The Fsl-I F*i-2 transition of Rb (duhed line in Fig. 2).
probability of OP in time it is P(tl) mf yP(:)dt for OP to the dark state F# -2 is allowed. Figure 3(a) shows
P(O1)-CI. To find the mean distance s, from a node clear evidence of cooling for light detuned blue by
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Poo is f t i. i ii i mi ,(

Ire,,)(a ,_(b) 8

-(a) ,

FIG. 2. The hyperfine energy level scheme of the Rb iotopes
showing transitions of interest in this paers. rJ ,w v.

* ~ 3 4 0 I 1 3 4

$- + 12 MHz (12y) from this transition, and Fig. 3(b) FIG. 3. (a) Measured atomic beam profiles for circularly po-
shows heating for 6- - 12 MHz. This demonstration Of lMzed light tuned 12 MHz blue of the FS -I -A.F, 2 transi-
blue cooling (sub-Doppler) and red heating appears in all tion of *?Rb. The intensities are 0.1. 0.3, 1.0, 3.0. and 10
our data for all the allowed transitions of Fig. 2. mW/cm2 (bottom to top), and the saturation intensities for the 1

Figure 3(a) shows significant blue cooling even with s three magnetic components are 19.2 6.4, and 3.2 mW/cm2 (3.2
lowered to -0.066 by a neutral density (ND -2) filter, for Mr-I - 2). The vertical scales arbitrary units are - 1%
At this intensity, the average OP time fps I/p, found by of the atomic beam intensity. For the mean longitudinal veloci-
averaging yp over a wavelength and over the various tran- ty of 350 m/s, a 37 pum displacement represents I cm/s, so the
sitions, is 64 pus. (Typically, fp/f, ranges from 2 to 4.) width of the third peak (saturation ft I for M - I -- 2) is 6
This is fortuitously close to the average 63 us interaction cm/s, corresponding to about I of the Doppler limit. (b) Simi-
time for atoms in our thermal beam. When the interac- lar results for tight tuned 12 MHz red of the same transition. 0

tion region is shortened from the 23 mm of Fig. 3(a) to
only 1.4 mm, corresponding to an average interaction
time of only 4 jis, there is still clear evidence of cooling from 0.3 to 1.0 for our 63 Ps interaction time, corre-
on the blue side for sj 6.6. sponding to fp going from 80 to 24 ps.

Excitation of ISRb on the Fs 2- F. -I transition We can also observe this phenomenon by varying the 0
(solid line of Fig. 2) presents a close analog to the F, interaction time at fixed s. Figure 4(b) shows transient
-I-, F, -0 model discussed above, because the F,-I cooling on this Fit 2--t F-I transition at short times,
state cannot decay to F, - 3. However, OP can occur to
the F,- 2, M - + I and + 2 magnetic sublevels, which
are "dark' in our a+ light. The low intensity data near
the top of Fig. 4(a) clearly show cooling signals with a+ 40- -- o
light detuned +6 MHz blue ofe this F# 2-F, tran- .| .o ,
sition. At the lowest intensity of Fig. 4(a) (top trace),
U/Ahis only I I kHz so the expected change in the veloci- (b)..~L2.....
ty of an atom is less than the recoil velocity hI/M, the ) 4 rJ-

transient cooling effects are washed out by the momen- A
turn changes from the random direction of spontaneous to
emission.a-

At higher intensity, a seond phenomenon appears.
Light tuned 6 MHz blue of this F -2-,F, -FI transi-
tionoftURbisalso 23MHzredoftheF --. 2 "r -. 2 -t-
transition (dotted fine of Fig. 2). Although atoms opti-._ , . . .
cally pumped to the (FvMj) - (2, 1) sublevel cannot be
excited to F, - I with a light. them is an allowed transi- FIG. 4. (a) Messurnd atomic bem profli. for circularly pW-
tion to the (F*.Mp)-(2,2) sublevel. Sine this state can lrlsod light tured 6 MHz Mueof the F 2-'. - I transition
decay to the F8 -3 dark state (wiggly line in Fig, 2), at "Rb. The iutmitls af 10, 3.0, 1.0, 0.3, 0.16, 0.03, and
transient effects can occur. Using fp calculated as be- olt mW/cm' (bottom to top). ad the saturation intensities for
fore, we find the rate fot this further off-rweoant tramsi- the thr components ae 16, S.3, aod 2.7 mW/cma (16 for
ioe to be snigacant only at high a h intensity. Th ais ,0 I). For the ean nitudinal velocity or 350 m/s, a

tioeobe~gnafcantnlyahighnouglntesl37 Th s )p displacement rqpmetat I cm/s, so he width or he
dower Pmm involves light tuned red of reoance, so it fourth peak is 4 cm/I, carrspoding to about i of the Doppler
beaut intead olooods the atoms as shown in the high in. limit. (b) Similar data oritactio times of 3216 and 4
tensity traces of Fig. 4(a). The data of Fig. 4(a) clearly #g (bottom to top). Coding becomes heUtiag at highe intensi.
show a chag from cooling to heating as s increases ty or low iatarc6N tim
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16 verges. Equations for the temporal evolution of the densi-
W I - ty matrix are obtained from the optical Bloch equations.

Figure 5 shows the results from these quantum calcula-
tions for parameters corresponding to Fig. 4(b). The ex-
perimental conditions, including the longitudinal velocity
distribution and instrumental resolution, have been care-

'two fully modeled. The transverse velocity distribution flips
"___ ___ __from cooling to heating as in the experiments, but there is
6Z 4. 412 -W Ia ou uu an unexplained discrepancy of about a factor of 2 in the

"1M*Pft nfN4 s...th of the final heating dip.
FIG. S. Velocity distribution found from the fully quantum There are various repumping methods that might allow

calculation with F,-2, Fs3-, F,- 1, and F&-2 internal states recycling of atoms for further cooling by this technique
included, using appropriate excitation and decay mr .ix le- 17). Furthermore, it can readily be extended to 2D or
meats. The saturation parameter im taken to be 0.4 and the de. maybe even 3D. Also, this technique might be applied to
tunS,| is 6 MHz above the F,- I state. as for the experimental atoms with a first transition in the deep ultraviolet and a
data in Fig. 4(b). The successive curves correspond to interac- metastable state where traditional cooling techniques are
tion nues of 4, 8, 16, and 32 ps for the most probable longitudi- difficult to implement. For example, atomic hydrogen in
nal wekity in the beam. its 2S state could be cooled this way on the easily pro-

duced Balmer-. line at 656 nm. Similar possibilities exist
but heating as the interaction time increases from 16 to in singlet He, rare gases, and alkaline earth D states.

32 ps at s-0.35. In this case atoms in (F,,MF)-(2,1) In summary, our experiments with a Rb atomic beam
are given enough time for excitation to Fe-2. There is and a transverse standing-wave laser field have demon-
also a small but persistent and repeatable upward peak strated a new mechanism for sub-Doppler laser cooling.
from the bottom of the heating dip in the high intensity This mechanism requires no polarization gradients or
data of Fig. 4(a) and in the long time data of Fig. 4(b). magnetic fields. It operates on a short time scale, deter-
It may come from the (F8,MF)-(Z2) atoms that are mined by the OP times. We have developed a theoretical
not heated by excitation to F, -2. All the features of model with classical trajectories and have also applied a
Fig. 4 have also been observed on the Fs - I -- F, -0 fully quantum mechanical treatment. These models give
transition of 17Rb. results close to each other and to the measurements.

As a further illustration of this transient cooling model, This work was supported by NSF, ONR. AFOSR, and
we have added a small magnetic field transverse to the CAPES (Brazil). The quantum calculations were per-
axis defined by the circularly polarized standing wave formed at the Cornell National Supercomputer Facility,
(31.1k). When the Ltarmor frequency is large enough to funded by NSF and IBM.
precess atoms in the (FV, M) -(2,1 ) or (2,2) dark states
back to the coupled (2,0) state faster than they can be
optically pumped to the Fr -3 dark state (via F, -2, wig-
gly line in Fig. 2), the cooling persists to the higher inten- III D. W and W. Im Phys Rev. A 3, 1521-150
shies shown in Fig. 3(a). (1979).

Multistate processes are difficult to model accurately w2) P. Latt eta#., pys. Rev. Ltt. 61, 169 (1988).
with classical trajectory calculations, but we have 131 J. Opt. Sac. Am. t 1%1-2288 (1919) (special issue).
developed a fully quantum mechanical model [II]. The 141 B. Sheehy teo a.. Phys. Rev. Lett. 64.58 (1990).
change from cooling to heating shown in Fig. 4 provides 151 C. Saloman ete@., Phys. Rev. Lett. 09, 1659 (1987).
an opportunity for sensitive tests of such quantum me- 161 C. Westbrook et &., Phys. Rev. Latt. 65. 33 (190).
chanical calculation& The basis ast consists of product 17) A. Aspec to at., Phys. Rev. Lest. 37, 103 (19"6).
states of internal and extenal atomic coodinates 112], 1110. Emile, R. Kaiser, C. Geas, H. Wallis. A. Aspect, and
The set of internal states includes typically two ground C. Colii-Tanamdji (to be published).
and two excited levels so the calculation is sot restricted 19) S.-Q. Sha et at., PhyL Rev. Lst. 46, 311 (I90); S.-Q.
to low excitation rates. The external, writeruof-ma S I et t, Amok Pkhynl 1,. ditnd by J. Zorn and
motion states are free particle wave fuactions, allowing R C. Xis (uor, OpSt L St. lr 1173 (1993).
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Quantum calculations for ID laser cooling:

temporal evolution

T. Bergeman

Department of Physics, State University of New York

Stony Brook, NY 11794-3800

Temporal integration of density matrix equations with quantized translational

motion gives new results for laser cooling of atoms. For polarization gradient cool-

ing, the average kinetic energy in the cold atom peak after 1,000 radiative lifetimes

decreases with increasing F., and is < 1 recoil energy at low laser intensity. With

magnetically induced laser cooling (MILC) and low optical pumping rates, atoms

cool slowly within the potential wells, giving minima in the velocity distribution at ,

v=O. MILC is seen as a cyclic process; optical pumping cools and B field mixing

slightly heats.

In view of many recent advances in techniques for cooling atoms by laser light.

there is interest in theoretical methods that can address diverse experimental situa-

tions. Most of the theoretical results presented to date have been for the steady-state

limit of the cooling process. For example, semiclassical theories[l. 2] for atom cool-

ing employ a force versus velocity function and a diffusion parameter based on the

steady-state solution of the density matrix equations. The first examples of density

matrix calculations with rt basis of quantized translational states 13.4] also presented

_- , • • I •• • •1
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4steady-state solutions, obtained by inverting the evolution matrix. Exceptions to

the steady-state limit are offered by quantum Monte Carlo methods, which have

successfully reproduced laser heterodyne results [5]. However, these methods have

not been extensively used for multi-level atomic transitions because of the large

number of replications needed.

In many ID atom cooling experiments where an atomic beam traverses coun-

terpropagating laser beams, steady-state solutions are not suitable for comparisons

with experiment. For atoms that have been precooled in a 3D magneto-optic trap,

the interaction times in a ID standing wave may indeed be adequate to achieve

steady state [6]. However, in experiments with a thermal atomic beam. the inter.

action time is typically no more than 1,000 to 2,000 7, where 'r is the excited state

radiative lifetime. The steady state limit may not be attained, particularly when

the initial velocity distribution is appreciably wider than the so-called capture ve-

locity, v,. The range of atom velocities that are effectively slowed depends on the 0
interaction time. Clearly a theory is needed for finite interaction times.

It will be demonstrated in this report that density matrix methods over a basis

of free particle states or of eigenfunctions of the light shift potential are capable

of significant extension beyond their use as previously reported (3. 4). By efficient

programing and the use of supercomputer technology, results have been obtained

for the temporal evolution and for higher angular momentum. The computational

techniques will be illustrated by both fin 1 liu polarization gradient cooling and

magnetically induced laser cooling (MILC). Results will be shown for cases in which

the incremental velocity change (the recoil velocity) is not small compared with

the width of the velocity distribution, thus where semiclassical Fokker-Planck ap-

proaches would not be valid. Quantum methods will also be applied to atouis

whose kinetic energy is less than the amplitude of the periodic light shift potential.
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In this regime, the use of a constant velocity parameter in the computation of tile 0

semiclassical force function is inappropriate.

Calculations with a free particle basis here include the excited state explicitly

(3]. The basis states, IF, mF, n >= IF, mrF > ezp(inkz/h), where 2ff/k is the laser

wavelength, are products of internal atomic sublevels and free-particle momentum

eigenfunctions. In the evolution equation for the density matrix, 6r = -(i/h)[H, a]+

6 , e, the Hamiltonian, H, includes the laser-atom interactions (EL) and possibly

magnetic field effects, while &,,,l expresses the effects of spontaneous decay and

"repopulation, including an average over the spatial distribution of emitted light.

Elements of HL include photon recoil explicitly. Elements of a are placed in a

column vector. z, and the coupled equations i = Wx are integrated numerically.

These computer programs have been modified to deal with transitions with AF

= -1 and 0, more than one ground and excited state hyperfine level, and spatially

nonuniform laser intensity. In this report, however, only F - F + 1 transitions are * 0
considered and the laser intensity is constant over the interaction region.

A full density matrix for up to ±50 recoil momenta, even for a mesh spacing

of one recoil and a J = 1/2 -- 3/2 transition. would have more than 3 x 10i

elements and the evolution matrix would then have 10' elements. itowever. off-

"diagonal elements with %n > n,., are found not to affect the computed velocity

distribution. n,., varies with laser intensity and detuning but is typically 6 to

12. Effectively. a becomes a band matrix of order it. In the present calculations.

there were up to 100.000 density matrix elements. The evolution matrix. W. can

be simplified by neglecting elements less than 10-1 in magnitude. for example.

No more than 20 to 50 elements are needed in each row for the free particle basis

approach. By such means, it is possible to compute the temporal evolution to 1,0(10

radiative lifetimes with a basis of 65 momentum values for each F. mp sublevel in

3
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an F = 3 -- 4 transition with about 2 hours of equivalent Cray XMP CPU time. '

When the atoms are weakly excited, excited state elements may be eliminated (U)

fromz the density matrix equations to obtain a periodic light shift potential for the

ground state [4]. This approach gives a useful physical picture, and for certain

applications, uses less computer time. The energy spectrum exhibits a band struc-

ture resembling that obtained for electron waves in a iD crystal lattice. Optical

pumping, magnetic field mixing, and spontaneous emission rates are computed for

density matrix elements over the basis set of Bloch states.

Results obtained for the lin I lin laser configuration, in which two counterprop-

agating laser beams have orthogonal linear polarization, show that the steady-state

limit may not reliably represent cooling processes occuring over shorter interaction

times. Fig. I shows typical time evolution plots obtained with the free particle

basis. Here, e = ER/h1r = 6.4 x 10-'. as ior Rb. where ER = h2k'2/2M is the recoil

energy and r is the radiative decay rate. The laser field is characterized ky the

light shift well depth. Uo = -fSIaiL. For lin .I lin cooling on an F -. F + I

transition. f = [(2F+ 1)(F+ 1)- 11/1(2F + 1)(F+ 1)], S = 22?/r 2 where Q is the

single beam Rabi frequency. b = -, is the detuning,. and L = 1 + 42/IN.

(S = I for laser intensity I = hc/A7r). The calculations ihown in Fig. la. for

F = 1/2 - 3/2. are carried to 100 pseo.. or 37TO r. where r = i/r. Ultimately.

the velocity distribution. P(v ). does eft .e into the typical form for the asymptotic

linutinauely a narrow Gaussiai on top of a broad Gaussian 13'. Houever, up to 40

pas. the narrow Gaussian is flanked by two dips at the capture vlocity. Ve (about

16 vm herej. The time required to attain the steady state distribution depeuds on

the vidth of the initial distribution (hem assumed flat up to vN = 60) as well as ot

the intensity and detuniug.

With losw laser intensity or wider initial dimtributiou over v. the ipi at 0.

4
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±vc persist for longer times. The generic behavior is shown in Fig. lb, for F =

3 --+ 4. To extract an average kinetic energy for atoms in the central peak, two

procedures have been used. The first assumes that the distribution for IvI < vc is

Gaussian. The velocity vle at 1/e of the maximum height difference then yields a

Gaussian average energy, KEG = Mv2/e/2. In the second method, one computes the

average kinetic energy, KEA, of atoms in the range IvI < vc. When the distribution

in the central peak is truly Gaussian, KEA = KEG, but typically, KEA• 0.TKEc.

The variation of KEG with laser parameters after 30 ps (1,130 r for Rb) is

shown in Figs. 2a and 2b. For the calculations shown in Fig. 2, e = 6.4 x 10-4,

S= -5r, and again the free particle basis was used. To emphasize the role of the

well depth. in Fig. 2a KEG/UO is plotted vs. Uo/ER. For Fa = 3. the average

kinetic energy in the cold atom peak is significantly less than for F. = 1/2. Since

this trend seems to persist to longer interaction times, this may in part explain the

experimental observation that the fraction of atoms in the lowest quantum state *
in experiments on 8Rb, with F2 = 3, was larger than computed for F. = 1/2 [6].

One possible explanation for the lower kinetic energies with high FI is the greater

importance of AMF = ±2 coherences induced by the laser field, which produce

progressively larger off-diagonal elements in the light-shift potential matrix. For

high F, energy bands within the potential well are broadened, making the motion

for KE < U0 more nearly like that of free particles.

For finite interaction times and Uo/ER < 100. the average kinetic energy for

atoms in the central peak is significantly below that indicated in steady-state results.

which gave a minimum of KE - SER [41. Here. there appears to be no winimuiun.

and at low intensity (Fig. 2b) KEA < Eq. Because the amplitude of the cooling

peak is only 5 - 10% of the initial amplitude at v=O for this regime of low UO/Eq.

such extremely cold atom distributions may be difficult to observe.
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For MILC T7. 8], the light shift potential matrix is diagonal and sinusoidal,

so the wave equation for each mF is simply a Mathieu equation. The periodic

potential basis approach is appropriate for SIL << 1. To model experiments in

which atoms move freely outside the interaction region, an initially flat distribution

over free particle states is projected onto the periodic state basis. After computing

the evolution to times ti, the distribution over the periodic state basis is projected

back onto the free particle basis. Tr(o) decreases by a few percent over typical

interaction times because the total optical pumping rate out of any quantum basis

state is greater than the repopulation terms from this level summed over any finite

set of basis states. Results from the periodic potential basis states and free particle

basis states are very similar for weak excitation.

The temporal behavior computed for MILC exhibits a new feature associated

with the localization of atoms in the standing wave. In MILC, the counterpropa-

gating laser beams have identical circular polarization and the light shift potential

maxima and minima for different mi- sublevels are spatially in phase. A transverse

magnetic field mixes different mF sublevels. Zeeman mixing occurs most effectively

at the nodes of the laser standing wave, where the potentials are degenerate. (Mag-

netic field mixing serves the same function as the polarization gradient in lin . lin

cooling.) With red detuning, when the final kinetic energy is less than the depth

of the light shift potential wells in MILC, atores in the ground state cannot tra-

verse the potential peaks at the nodes, the magnetic fie)d mixng is suppressed. and

the cooling rate slows. Although the asymptotic velocity distribution may still be

nearly Gaussian. over very extended times there is a deficiency of the coldest atozn..

The velocity distribution exhibits a flattened top. or even a minimumn at tv = 0, Fig.

3 shows this effect in the velocity distribution for F. = 1/2 (in Fig. 3a-c) and for

F, ff3 (in Fig. 3d). In *IMLC, the effectiv optical pumping rate. r, = 2SF/L.

6
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and U0 = -2Sh•/L. In Fig. 3a and 3c, hrr = U0. When hrp is small compared

with U0, as in Fig. 3b and 3d for which hrp = Uo/20, the minimum in P(v) at

v = 0 is more persistent. Fig 4a and 4b show distributions over the states in the

periodic potential corresponding to the P(v) distributions shown in Figs. 3a and

3b. The energies of these states are shown at the top of Fig. 4. Below the potential

maxima, Uo/h = 1 MHz here, there are quasi-discrete states, while for E > Uo, the

gaps between the bands are narrow. Although cooling increases the population of

the states lying below U0, the population of the lowest states increases very slowly,

particularly when hrP < U0.

For stationary states in the light shift potential, the explanations for sub-

Doppler laser cooling derived from semiclassical models [2] do not apply. A damping

force does not explicitly enter the present calculations. In the quantum represen-

tation, cooling occurs because of preferential optical pumping out of higher-lying

states into lower-lying states. The way this works in MILC is shown in very schemat-

ically in Fig. 5 for states in the light shift pctential. Energy bands are shown in

columns for MF = -1/2 (left of each transition pair) and for mF = 1/2 (right of

each pair). The magnetic field and the laser interactions redistribute the popu-

lations over this basis set. The widths of the arrows indicate the relative optical

pumping rates or B-field mixing coefficients from various initial states. Not shown

is the much slower process of diffusive heating in AmF = 0 excitation and decay. In

the optical pumping process, on average the emitted photon takes away more energy

than is added by the absorbed laser photon. This is due in part to the difference in

the mF = ±1/2 potential minima. In addition, optical pumping favors final states

localized at the antinodes. namely the lower-lying states for red detuning. On the

other hand, the magnetic field does not vary spatially over the interaction region. so

the redistribution by the magnetic field is not so sharply peaked at An = 0. These

7S



processes consti,,tute a cooling cycle. The reduction of energy in the AmF 1 opti-

cal pumping part of the cycle is greater than the increase of energy that occurs in

AmF = -1 magnetic field mixing and in AmF = 0 diffusive heating.

Comparisons of the results present above with experiment are obviously of great

interest. From preliminary results [9], it appears that the lin I fin results are in

good agreement with experiment on Rb and also that results for MILC agree well

with experiments on He 2 3S [10]. However, experimental cooling peaks observed for

certain MILC experiments with Rb [9] are narrower, without the dip at v-0 found

above. One possible explanation is that the optical wavefronts in the apparatus used

for Rb are not ideal, and trapping in the light shift wells occurs less than in the

calculations. These comparisons and comparisons with semiclassical calculations

will be discussed in future publications.

This work was supported by NSF, ONR, and AFOSR. I am indebted to H.

Metcalf J. Dalibard, R. Gupta. E. Vredenbregt. M. Doery, and other colleagues •

for valuable discussions. Computing time was provided by the Cornell National

Supercomputing Facility, which is funded by NSF and IBM.
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FIG. 1. Time evolution of lin .L. lin laser cooling with Rb atoms (r = 26.5 ns). (Top) (4)

Detuning = - r, time interval between traces = 10 ps. (Bottom) Detuning = -5 r, time

interval = 3jus.

FIG. 2. Average kinetic energies after lin I lin cooling of Rb atoms for 30 As. (1130

r). See text for definition of KEa, KEA, and Uo.

FIG. 3. Calculated free particle velocity distributions with MILC for atoms with recoil

energy 3.85 kHz, r = 26.5 ns (as for Rb) for interaction time intervals of 5 As (solid lines)

and 50 ps (dashed lines) for a) B = 5 AT, S = 0.42, 6 = -r, b) B = 5 AT, S = 6.67, 6 =

-20 r, c) B = 2 AT, S = 0.083, and6 = -r, and d) B = 7.5 AT. S=6.86, 6 = -20 r. The *
initial velocity distribution is flat to ±5OVR.

FIG. 4. Calculated populations of the eigenstates of the periodic light shift potential

for cases shown in Fig. 2a (top) and 2b (bottom). The well depth Uo/h = 1 MHz in each

case. The time intervals are 0.3 As (short dashed lines), 5 As (solid lines), and 50 is (long

dashes). All levels initially have a population of 1 on this scale, and subsequently mF =

1/2 levels become more populated, while mF = -1/2 levels fall below 1. Band energies are

displayed at the top. The distribution is non-Maxwelian for an extended time.

FIG. 5. B field mixing coefficients and AmF = I optical pumping rates between

10

10

• • • • • I • tt' , • PJS



quantum levels in the periodic light shift potential, for an F 1/2 -- F 3/2 a+ optical

transition. Energy levels below the potential maxima (at 1 MHz in this case) and bands are

shown for mF = -1/2 (left in each transition pair) and for mF = 1/2 (to the right in each

pair). The width of each arrow is proportional -to the magnitude of the mixing coefficient

or the optical pumping rate.
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THE SIMPLEST ATOMIC SYSTEM FOR SUB-DOPPLER LASER COOLING*

R. Gupta, S. Padua, C. Xies H. Batelaan, and H. Metcalf

Physics Dept.- SUNY Stony Brook, NY 11790

ABSTRACT

Sub-Doppler laser cooling requires optical pumping among different-

ly light shifted ground state sublevels. In this paper we describe

a study of the simplest possible angular momentum configuration

that allow all sub-Doppler cooling phenomena. The Jg = 1 * 3e a 0

angular momentum configuration sivs recoil-limited cooling in the

two most well-known types of polarization gradients, magnetically

,..~ induced laser cooling, velocity selective resonances, transient

cooling, and velocity selective population trapping.

PACS Numbers: 32.1o.Pj, 42.5O.Vk
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I. Introduction

In all cases of sub-Doppler laser cooling (SDLC) the role of

multiple ground state sublevels, including coherences between

them established by either Raman or Zeeman processes, is of para-

mount importance. The next natural question is what is the sim-

plest possible atomic level system that would permit SDLC. Since

multiple ground state sublevels are required for SDLC, a four

level 0 . 1 (Jg * Je) transition will not work,, but J - 1 0 or

1/2 * 1/2 transitions will both work. However, the 1/2 * 1/2 !4

scheme will not permit a - a" polarization gradient cooling

because this requires atomic alignment (1, so 1 * 0 is the sim-

plest possible general scheme for SDLC.

We have studied SDIC in the F = 1* 0 transition of the 28%

abundant 8?Rb isotope in a l-D optical molasses, with and without

polarization gradients, and in weak and strong magnetic fields

(strong means Zeeman splitting larger than the optical pumping

rates). The single most important characteristic of this transi-

tion in light of either linear or circular polarization is the

presence of two unexcitable ground state sublevel. (dark states)

as shown in Fig. 1. affective laser cooling depends on very many

scattering events because the mooentu exchange from light scat-

taring is typically much maller than th momentum of thermal

atoms. In the usual J * 3 + 1 transition schemes a&tos are op-

tically pumped into a cyclic transition that allows this required

2
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multiple scattering, rather than into a dark state that precludes

it. Thus laser cooling on the F - 1 . 0 transition is quite

different from the more common experiments because transient

processes preclude steady state cooling forces [2,3] and there is

no Doppler cooling. On the other hand, there is both transient

laser cooling and Velocity Selective Population Trapping (VSPT).

For the F - 1 * 0 transition in a one-dimensional field with

no polarization gradients there are two dark states that are

independent of atomic velocity. However, with counterpropagating

beams of different polarizations Z, and Z2, for example circular

and linear, there is only one velocity-independent dark state.

The other two atomic ground state sublevels combine to form a

second state that is dark only at v - 0 in a semiclassical pic-

ture, and a third one that is readily excited. This v - 0 dark

state in a 1-D light field with polarization gradient is a new

discovery, and will be discussed below. VSPT in this dark state

of the 1-D optical field can only be eliminated with a strong

field that is not parallel to either i for linear polarization or

to i for circular polarization. The necessity of such a 6 field

in easily understood by considering that the c"s have no compo-

nents parallel to k, and if E ware chosen as the z-axis, there

would be no optical pumping from the KF - 0 sublevel in the

absence of a I field to mix the states.
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II

* We note three special features of the F - 1 . 0 transition.

First, steady state processes are easier to study since non-

steady state effects may be present for a much longer time for

larger Fg values. For example, optical pumping in circularly

polarized light to the steady state population distribution among

the HF sublevels occurs before steady state cooling on a cyclic

transition begins (3]. Second, calculations of the damping force

or the velocity distribution are simplified because of the rela-

tively small Hamiltonian watrix. Third, Fe - 0 requires that the

ground states can be optically coupled to only one excited state

so that ground state coherences are not diluted by multiple

excited states.

In section II below we present a detailed discussion of

several special. phenomena of laser cooling in the F - 1 * 0 tran-

sition. In section III we describe our apparatus and present the

experimental results, including observation of VSPT. In section

IV we summarize our findings.

U1. Sub-Doppler Cooling on an T m •0 Transition.

The special characteristics of laser cooling on an F - 1. 0

transition can be used to elucidate many features of SDLe. We

first consider laser cooling in either the e÷ - o- or the lin &

ln configurations (43 vith a strong B field applied parpendicu-

4
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lar to the optical k vectors (for the lin i lin case, B must not

be parallel to either of the polarizations Z). In these cases

each traveling wave laser beam can induce both n and a transi- (4

tions in the frame with quantization axis chosen along the strong

magnetic field. Then both polarization schemes permit an energy-

exchange-based description of laser cooling toward v - 0

(Sisyphus cooling).

To understand this description we view the optical field in

either polarization scheme (with B at U450 to the C's of lin .

lin) as two orthogonal, linearly polarized standing waves with

nodes spatially displaced from one another as shown in Fig. 2a.

Such a field is symmetric for rotation about k, so we choose one

of the i's along B. Thus one standing wave field induces n tran- 0

sitions and the other one induces a transitions.

We consider light of sufficiently low intensity and large

detuning so that the excited state population is small. Atoms

are then subject to the conservative force from the light shift

potential (calculated by adiabatically eliminating the excited

state). We consider the conservative motion of the atoms in the

sinusoidal light shift potentials, coupled with the optical pump-

ing that provides the required irreversibility to produce damping

forces on the atomic motion, as shown schematically in Fig. 2b.

Note that tCe strengths of the a transitions are smaller than

those of v transitions for the samo linear polarization amplitude

5



so the potential hills are correspondingly smaller. Since

the potential hills associated with the light shift for the stan-

ding wave of one polarization are displaced from those of the (4)

other, optical pumping can switch the atomic populations among

the ground state sublevels so that moving atoms always climb the

potential hills [5].

This is indeed what happens when the detuning from atomic

resonance, 8 a wlaser - watom > 0. Atoms that enter the light

field near antinode of standing wave ce are quickly optically

pumped out of the sublevel excited by ci. Such atoms can not be

excited by £2 because they are at the node for this polarization

where the excitation rate is zero (as is the light shift). Their

transverse velocity carries them towards the antinode of C2, and 0

in the process they increase their internal energy because of

positive light shift, and correspondingly decrease their kinetic

energy and slow down. Near the antinode of i2 where the light

intensity and light shift ar'e largest, the slowed atoms are opti-

cally pumped into the state excited by ci, but they are now at

the node of this standing wave. The energy loss process repeats,

and the atomic sample is cooled.

In contrast to the energy based Sisyphus picture described

above, laser cooling in these polarization configurations can

also be viewed in the momentun-based, Velocity Selective Reso-

nance (VSR) picture. In this case we necessarily choose a des-
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cription of the light field as counterpropagating travelling

waves instead of standing waves. When B is strong enough for the

Zeeman splitting to be larger than the optical pumping rate vp,

and thereby make B a suitable choice for the quantization axis,

each light beam (not each standing wave) in either the a+ - a- or

the lin L lin configuration can induce both n and a transitions.

Thus there can be VSR, comprising excitation by one beam followed

by stimulated ^mission by the other, back to the original ground

state sublevel as shown by the dashed arrows in Fig. 3. Such a

sequence can produce strong velocity damping toward the resonance

velocity, which is v - 0 in this case, because the initial and

final states have the same energy (same state) [6,7].

This VSR picture provides insight beyond the Sisyphus pic-

ture because there are also VSR's between pairs of sublevels of

different energy. These are levels that are Zeeman split by wZ a

gFABB [6,7), and Raman transitions between them are shown by the

solid arrows in Fig. 3. Such Raman transitions are resonant when

2kv - tz, and are resolvable when vp < wZ. Our data presented

below show strong sub-Doppler cooling to both v - 0 and v -

twZ/2k.
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III.A. Experimental Apparatus

II
Most of our experimental setup has been described in previ- (4)

ous work [6,8] and is only briefly described here. Rb atoms

emerge from a 150 OC oven with a horizontal slit aperture 0.06 mm

high by 2 am wide (see Fig. 4). A horizontal atomic beam is

formed by a vertical slit 2 mm high by 0.06 mm wide, 35 cm away

from the oven. The atomic beam is crossed at 900 by a pair of

counterpropagating, horizontal laser beams just beyond the verti-

cal slit, and the polarization of the retroreflected beam can be

modified by a quarter wave plate in front of the mirror. Three

pairs of square Helmholtz coils are used for controlling the i

field in the interaction region. The atomic beam profile paral-

lel to the direction of the optical k vectors is measured with a *

scanning hot platinum-tungsten wire, 25 Aim in diameter, 1.3 m

away from the interaction region.

A 20 mW Sharp model LT024 diode laser is side-locked to a

Doppler-broadened signal from a Rb cell at room temperature.

Light from this laser is used to optically pump the 8 7 Rb atoms

from the 5S,•(F-2) to the 5S, 2(F-1) ground hfs state before

they reach the interaction region.

Light from a second diode laser, a 35 AW Sharp model LT025,

is split into two beams, and the weaker one passes through an

80 MHz AON and then to another Rb vapor cell. A cross-over reso-

8



nance in its saturated absorption signal is used to lock the

laser near the F - 1 * 0 transition in 87Rb near 1 ' 780 rm, and 0

facilitates tuning on either side of the atomic resonance. About

1V5 of the laser light is fed back to the laser by a blazed

grating (see FKg. 4) to reduce the spectral width to -1 MHz [9]. S

The laser bean has its spatial intensity profile flattened to a

few percent ls-y a tilted etalon E10], and is then expanded to 23

mm wide by 5 mm high. A mechanical shutter interrupts this beam, •

and many systematic effects have been eliminated by subtracting

data from measurements with the laser beam off from those with

the beam on. S

III.B. Experimental Results S 0

Figure 5 shows the measured atomic beam profiles with B per-

pendicular to the i vectors for (a), the case of a+ - a- and (b)

lin j lin with B at 450 to the polarization vectors. In each
case i is perpendicular to the horizontal atomic and laser beams.

The top trace in each figure shows strong sub-Doppler cooling to •

V - 0, and a velocity width of only - 5.5 cm/s (Doppler limit a

13 cm/s in 1-D optical molasses). Both the top traces were taken

with large i (i > 1 G), and both also show the VSR peaks at v * 0

0. As 6 is reduced (lower traces), these VSR peaks move to lower

velocities, and Fig. 6 shows the separation of these peaks vs.

ISI for each case. S

9
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In the semiclassical approximation the "velocity capture

range" of this cooling process is determined by the lifetime of

the ground state populations and/or coherences produced by the

VSR's. Atoms are optically excited out of these coherences at a

rate Vp - lp cos 2 (kx) where fps 2s(7/2)/(3L + s), *z a 1/ is the

excited state lifetime (27 ns for this Rb transition), L a 1 +

(26/V)2, and the saturation parameter for a single light beam is

9 a I/Isat, where Isat a nhc/3X3Z (a 1.6 mW/cm2 for the X - 780

nm transition in Rb). The factor of 3 in the denominator of lp

comes from the Clebsch-Gordan coefficient for the 1 * 0 transi-

tion for each value of HF, and the factor of 2 in the numerator

comes from the superposition of two orthogonal light beams. For

Fig. 5a, s a 1.33 and 6 a 2n x 12 MHz whence lp/ 2n a 150 kHz and

the average value over a wavelength fp is half of that. i 0

Under optimum cooling conditions, the expected width of the

velocity distribution is - Tp/k a 6 cm/s, about equal to the va-

lue observed for the v - 0 peak. The widths of the v * 0 peaks,

Av, are limited by the width of the longitudinal velocity distri-

bution Avt through Av/v - (Avf/vt) - 1/2 for a thermal beam, and

their widths are indeed about half their distances from the v - 0

peak. They begin to merge into it when their velocity is - 10

cm//s, corresponding to Ii a 0.3 G for gF w 1/2. Similar conclu-

sions can be drawn from the data of Fig. Sb. Furthermore, at low

i fields some states are only weakly excited and transient

cooling effects begin to appear [2].

10
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The two bottom traces in Fig. 5, where (Bj - 0, reveal the

velocity selective population trapping (VSPT) discussed above.

Atoms travelling in either light field of Fig. 5 with nearly zero

transverse velocities spend all their time in light of one parti-

cular polarization as they ride along a particular phase of the

standing wave. For example, in lin I lin this may be circular

along one path across the standing wave, or linear along another

path that is A/8 away. In the absence of a B field the quantiza-

tion axis is chosen along the local polarization. Atoms are then

optically pumped to a dark state of this basis (Fig. 1) and re-

main uncoupled to the excited state by the light. These slow

atoms are subject to VSPT and thus do not experience momentum

diffusion. They could therefore display an arbitrarily narrow

velocity distribution with a long enough interaction time. (Note

that this is not the same as the "coherent" population trapping

of Ref. 11 which depends on the quantized center-of-mass motion

of the atoms.) Atoms are cooled to the low velocities appropri-

ate for VSPT by transient polarization gradient cooling, and

these form the sub-Doppler peaks at the bottom of Fig. 5 with

i - 0. When atoms traverse either light field of Fig. 5 with a

higher velocity, they experience a constantly changing polariza-

tion, and could thus be pumped out of the velocity selective

"dark" states of Fig. 1.

We have tested this hypothesis of VSPT at Ioi - 0 several

ways. First, we found that the cold atom peaks occur over a wide

11
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range of detuning, both blue and red, although they are stronger

in the blue case because there is residual polarization gradient

cooling to feed the dark state. Second, we used an aperture on

the laser beam to shorten the interaction time, and found that

the cold atom peaks require a few optical pumping times 1/7p to

appear. Third, we note that ?p a y/80 for the conditions of Fig.

5, so that optical pumping occurs in about 2.5 ps. VSPT atoms

that move less than A/4 in this time will have to wait longer

than this time to be pumped out of the dark state because they

will not be subject to a different polarization. Thus there is

also a cold peak even in the absence of a B field with a velocity

distribution of width - 9 cm/s, about 50% larger than the large

field peaks, just as shown at the bottom of Fig. 5.

In addition to all the experiments described above with the

two types of polarization gradients, we have also studied SDLC in

this F = 1 * 0 transition in a standing wave of purely circularly

polarized light. The presence of a weak transverse B field then

produces magnetically induced laser cooling [8]. At low B field

we observed a very narrow peak near v = 0, and at higher fields

we saw this split into two peaks with sub-Doppler' widths centered

at vr - twZ/2k just as in previous experiments using more compli-

cated transitions [6]. We have also observed higher order VSR's

where the resonance velocity satisfies vrt -az/4k, correspon-

ding to redistribution of two photons between the two laser beams

that form the optical molasses.

12
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IV. Conclusions.

We have performed several other experiments on this simplest

possible SDLC scheme to assure that it displays all the features

we expect. For example, in the lin L 1in case with i along one

of the polarization vectors, we find that both the cold peaks of

atoms indeed move at the resonance velocity vr - twz/2k (12].

Thus we conclude that the F - 1 * 0 transition is the para-

digm of SDLC, displaying many af its special features in addition

to gK temperatures, and holding claim to being the simplest pos-

sible angular momentum configuration with this capability. In

the future we plan more extensive studies of VSPT, the higher

order resonances, and other aspects of this extraordinary laser *
cooling system.

*Supported by N.S.F., O.N.R., A.F.O.S.R., and C.A.P.E.S. (Brazil).
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FIGURE CAPTIONS
I

Fig. 1. The energy level scheme for an F - 1 . 0 transition

showing allowed excitation for blue tuned o+ light (a) and w

light (b). In (a) the UF w 0 and 1 states are dark, whereas in

(b) the NF - t 1 states are dark. Linearly polarized light per-

pendicular to z would excite both the 1F - +1 and -1 sublevels

leaving XF - 0 as one dark state, while an uncoupled superposi-

tion of the MF - ±1 states would be the other.

Fig. 2a. The standing wave fields of either &+ - o" or lin

I lin polarization configurations. Both optical fields have the

same v/2 spatial phase shift. The only difference between the

the two polarization schemes is the relative temporal phase of

the linearly polarized standing waves. This phase difference is

zero for + - 4" and t,/2 (i.e.,, time lag of ±t/2wlaser) for lin

Llin. The selection rules are the same. If B is along one of

the i's in the lin i lin case, one standing wave is parallel to

t1. quantization axis along B so it induces u! transitions, and

the other one is perpendicular to B so it induces both a+ and %7"

tr".nsitions. In the a+ - a' case, choosing i along B yields the

same s'lection rules as the lin L lin case (see Ref. 7). 2b

shov5 the spatial dependence of the light shift for the field of

a& when the quantization axis is chosen perpendicular to i (at

*45o to the i fields for lin -L lin). Since the strength of the a

transition is larger, the light shift is larger for the same .'~1 1!
IS3
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Fig. 3. Raman transitions among the MF sublevels of the F n

1 . 0 transition in a magnetic field. VSR at v = 0 are induced j
in atoms that return to their original sublevel (dashed arrows),,

and at finite velocity vr - wz/2k for atoms that are transferred

between states of different HF (solid arrows). *

Fig. 4. Schematic diagram of the apparatus.

Fig. 5. Measured atomic beam profiles for 6/2n = +12 MHz (s

2') for the case of (a) a+ - a- with a = 1.33, and (b) lin I lin

with a m 0.66. The highest B values are at- the top,, decreasing

to B - 0 at the bottom. Note that the VSR signals on each side

of the central peak are broadened by the longitudinal velocity

distribution. -

Fig. 6. Velocity of the VSR peaks in Fig. 5 vs B. The so-

lid dots are for a+ (Fig. 5a) and the open squares are for lin ± 5

lin (Fig. 5b). The straight lines represent the resonance case,

v a wZ/2k appropriate in each case because the light induces both

a and a transitions in the strong transverse B field.
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Bichromatic Laser Cooling in a Three Level System

R. Gupta, C. Xie, S. Padua, H. Batelaan, and H. Metcalf

Physics Department, SUNY, Stony Brook, NY 11790

ABSTRACT

We report a new type of sub-Doppler laser cooling in 1-D

using neither polarization gradients nor magnetic fields. Two

laser frequencies couple each of the two ground state hfs sub-

levels to a common excited state of 85Rb, thus forming a Asystem.

We observe sub-Doppler cooling when the light is tuned blue of

resonance, efficient heating with red detuning, deflection from a
rectified dipole force, and velocity selective resonances associ-

ated with Raman transitions. A simplified semiclassical calcula- •

tion agrees qualitatively with our measurements.

PACS numbers 32.80.Pj, 42.50.Vk

1

* 0 0 0 0 0 0 0 O O



All sub-Doppler laser cooling (SDLC) methods can be charac-

terized by a damping force derived from a spatially varying light
field (e.g., from superposition of two counterpropagating laser
beams) [1,2]. In all cases studied to date, motion of the atoms

prevents their internal state distribution from reaching steady
state. Deviation from the steady state is countered by the ir-
reversible process of optical pumping (spontaneous emission) that
tends to restore the steady state distribution. The time lag of
this process leads to non-adiabatic response of moving atoms to
the standing wave field, and under suitable conditions, a velo-

city dependent damping force. In the past polarization gradients
[1,2) or magnetic fields [3] were used to create the spatial

dependence of the atomic steady state. In this letter we report

a new SDLC scheme that requires neither polarization gradients
nor magnetic fields.

Our new scheme employs two standing waves with the same lin-

ear polarization but different laser frequencies, w, and W2, cor-
responding to excitation of the two ground state hyperfine levels
of 85Rb (separated by whfs a 2n x 3.036 GHz). When ul, w2 , and

8 E (w2 - wl) - whf s are properly chosen, the time lag described

above can also damp the motion of moving atoms because of the
non-adiabatic response of the populations of levels 11> and 12>.

Recently there has been considerable theoretical interest in the

optical forces on three level atoms with such a A configuration

of levels [4-12] but only a few experiments E13-15].

SDLC is often described in a picture called Sisyphus cooling

(because of the close analogy with a Greek myth (16]) where atoms

lose kinetic energy when they move in the potentials caused by

the light shifts of the laser field. Such descriptions exist at
low intensity for the steady state processes of polarization

gradient t1,16,17] and magnetically induced cooling (3], as well

as transient laser cooling processes (183. With two frequencies

2
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present, a similar energy loss or Sisyphus picture is appropriate

when the relative spatial phase of the standing waves is consi-

dered.

Consider the case where the intensity maxima of the standing

wave at w, correspond to the minima of W2 as shown in Fig. la,

and both wi's are larger than the corresponding atomic resonance

frequencies as shown in Fig. lb. The light shift of each ground

state sublevel li> is dominated by the nearly resonant frequency

wi, and hence is positive. Atoms moving through the node of w,

are optically pumped to 11> and must increase their potential

energy to move further as shown in Fig. la. This comes at the

expense of their kinetic energy, and they slow down as they

approach the top of the potential hill at the antinode of wl.

However, they are most likely to be optically pumped to 12> at a

point where the intensity of light at w1 is high, and then they

begin climbing another hill. Repetition of this process rapidly

converts kinetic energy into potential energy which is then dis-

sipated into the fluorescent light of the spontaneous decays, ;nd

atoms are cooled. This process obviously produces heating if the

two frequencies are red of resonance thereby producing negative

light shifts, and its effectiveness is compromised when the stan-

ding wave phase difference is different from n.

Most of our experimental setup has been described in previ-

ous work (3,17,18) and is only briefly described here. Rb atoms

emerge from a 150 OC oven with a horizontal slit aperture 0.06 mm

high by 2 mm wide. A horizontal atomic beam is formed by a ver-

tical slit 2 mm high by 0.06 mm wide, 35 cm away from the oven.

The atomic beam is crossed at 900 just after the second slit by a

laser beam containing two frequencies that is retroreflected by a

movable mirror to form two horizontal standing waves with the

same polarization but different frequencies. The transit time of

atoms with the average velocity 350 a/& in the 23 am long by 5 mm

3
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high laser beam is about 65 gs. The Earth's magnetic field is
carefully cancelled to less than 10 mG by square Helmholtz coils.

We measure the atomic beam profile parallel to the direction of 0

the optical i vectors with a scanning hot platinum-tungsten wire,

25 gm in diameter, 1.3 m away from the interaction region.

Linearly polarized light from a 35 mW Sharp model LT025
diode laser is split into two beams, and the weaker one passes

through a 80 MHz AOM and then to a Rb vapor cell. A crossover
resonance in the saturated absorption signal is used to lock the

laser near the F = 3 * 3 transition in 8 5 Rb near A = 780 nm, and

facilitates tuning on either side of the atomic resonance. About
10-5 of the stronger beam is fed back to the laser by a blazed

grating to reduce the spectral width to -1 MHz. The two frequen-
cies are generated by passing the light through an EOM [19). A

mechanical shutter interrupts this beam, and many systematic
effects have been eliminated by subtracting laser beam off from

laser on measurements. * 0

The spati.al phase difference between the two light shift

potentials is of paramount importance in this experiment. The
standing waves of the two frequencies have nodes at the surface

of the retroreflecting mlrror, but their relative phase 0 =

2z(w1 - 2 )/c varies with distance z from the mirror because of

their frequency difference; for w, - w2 a 2w x 3 GHz the spatial

period of this variation is a 5 cm. Since this is much larger

than the 0.06 mm atomic beam diameter, atoms see a fixed value of

the phase between the standing waves. This can be varied by

translation of the retroreflecting mirror.

Figure 2a shows the results of our measurements of SDLC

using two optical frequency standing waves for the case of * - w
(optimum cooling) and # - 0 obtained by moving the retroreflec-

ting mirror about 2.5 ca. Even at * - 0 there in a significant

4
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signal of cooled atoms, but this arises from two additional cool-

ing mechanisms operating in this experiment. First, the atomic
coherences produced by stimulated Raman transitions between the

states II> and 12> for 6 - 0, neglected in this Sisyphus descrip-
tion, produce velocity selective resonances (VSR) at v - 0 as

described below. Second, for the F - 3 * 3 transition driven by

linearly polarized light, the excitation of the MF - 0 sublevel

is forbidden, and transient cooling into this dark state contri-

butes to this residual cooling (183.

We have tested that this residual peak of cold atoms is

mostly the result of transient cooling by varying the interaction

time with an aperture on the laser beams. We found that it is
produced in a time comparable to the optical pumping time 1/vp.

For this test we used a large enough value of 6 so that the VSR
peaks are well resolved from the v = 0 signal, (see below), and

the remaining signal at 0 = 0 is only from transient cooling.

Fig-ire 2b shows the 0 dependence of the height of the cooled atom
peak at v = 0 with large 6.

The Sisyphus description of these experiments given above is
limited because it is based only on the populations of states,
and neglects coherences that are associated with Raman processes

between the two long lived ground states. It is well known that

these coherences have important effects on the damping forces,
and in previous experiments we have shown that damping to v - 0
[20] and to finite velocities [20,21] depends on Raman resonances

between Zeeman shifted states that redistribute light between

counterpropagating beams. These VSR are always present in all
known cases of steady state SDLC (22,23].

The direct analog of the magnetic VSR can be seen with two
laser frequencies when 6 a (N2 - W)- -whfs 0 020]. Then the

condition for VSR is satisfied at the resonance velocity vr

5
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t 8/2k. Figure 3a shows the measured atomic beam profiles for

different values of 6 and Fig. 3b shows the velocity associated

with the side peaks of Fig. 3a vs 6. Two side peaks appear for
each value of 6 because atoms at the resonance velocity vr can
absorb either w, or W2 from either direction of the laser beam,

depending on the sign of their velocity. Of course, stimulated
emission into the other beam completes the Raman transition.

The widths of the v * 0 peaks, Av, are limited by the width

of the longitudinal velocity distribution Avt through Av/v -

(Avt/vt) - 1/2 for a thermal beam, and their widths are indeed

about half their distances from the v - 0 peak. They begin to

merge into it when their velocity is - 20 cm/s, corresponding to
6 a 0.25 MHz. It must be emphasized that the widths of these

peaks are all below the Doppler limit (10 cm/s): atoms undergo

SDLC to the velocity vr.

Up to this point we have considered orly the special cases 0

- 0 or n, and the same sign for the detuning 6i a wi - Watom(i)

of the two individual laser frequencies (see Fig. 1). We now

consider cases where these conditions are relaxed. In addition
to SDLC, we show that various values of 61 and 62 can produce

qualitatively new eff.cts. In particular, when 61 and 62 have
opposite signs, the light shifts for the two ground states Ji>
and 12> &re opposite. For # - 0 or n, partial cancellation of

the kinetic energy change when the atoms move on these oppositely

light shifted potentials severely reduces the heating or cooling

forces, but for other values of 0 this cancellation is less com-

plete, and there remains a *rectified" dipole force (11,13,15].

Figure 4 shows schematically how this works if we choose for

simplicity equal probability for the optical pumping processes

11> * 12> and 12> * 11>. Atoms are then optically pumped to the
state with the lowest standing wave intensity as shown by the

6
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arrows in Fig. 4. For velocity v small enough so that the aver-
age optical pumping time 1/vp in less than Az/v, where Az is the

standing wave displacement, then the optical force (slope of the

potential curve to which atoms are optically pumped) has a fixed

direction independent of velocity when averaged over a wave-

length. We therefore expect a maximum force near v - 0, with the

same sign for v < 0 or v > 0. The force should decrease with a

velocity width - IpAz a Vp/k.

In our experiment the atoms emerge from the second alit in a

velocity range of - ±1 m/s, much larger than the "capture range"

jp/k of - 10 cm/s. Atoms with a large transverse velocity are

thus unaffected by the deflection force, while slower atoms

undergo a deflection to the right or left depending on the sign

of Az. Changing the sign of Az can be accomplished either by ex-

changing the signs of the 6i's or by moving the retroreflection

mirror, and we have done both. The data of Fig. 5a and 5b

clearly show such deflections of the atoms for opposite signs of

Az, and also provide a measure of the effective velocity range *

for this rectified force.

We have done semiclassical calculations of the force on mDv-

ing atom;, starting with the optical Bloch equations to find the

density matrix. Using only the transfer of population between

states I 1> and 12>, and neglecting any coherences that may be

produced in the optical excitation, we have calculated the force

for the many experiments described above. For the data of Fig. 2

we find the usual dispersion-shaped velocity dependence with

strength and capture range that correspond well with our measure-

menta. For the data of Fig's. 5a and 5b, we show in Fig's. Sc

and 5d the anticipated single peak (or dip) in the force vs velo-

city curve, with no zero crossing and a width - Yp/k. Such model

calculations can not be used for the data of Fig. 3 because the

VSR arise from coherences that are not included, We plan to

7
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extend the semiclassical methods we have developed, that include
the multiple magnetic sublevels [22,23], to two frequencies to S
model these experiments.

Cooling atoms with two frequencies is a fundamentally new
SDLC scheme that requires neither polarization gradients nor
magnetic fields. Its damping, maximum force, capture range, and
diffusion are comparable to those of many previously studied SDLC
schemes such as polarization gradients [1,2] and magnetically

induced laser cooling [3]. However there are additional free
wp

parameters that provide flexibility for further study of SDLC
processes. These are the detunings 61 and 62, saturation
parameters s, and s2, and the phase between the standing waves 0.
It also provides a better insight into particular interpretations

of SDLC such as the Sisyphus picture. We plan to extend our
study of this system to include polarization differences between

the two beams, polarization gradients of each beam, and the
effect of magnetic fields.

Supported by NSF, ONR, AFOSR, and CAPES (Brazil).
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FIGURE CAPTIONS O

Figure 1. (a) shows the spatial dependence of the unequal light
shifts (caused by either different transition strengths or
different light intensities) near the two frequencies w1 and _t
W2- (b) shows the atomic levels and definitions of the V's.

Figure 2. (a) shows the measured atomic beam profile for 9 = 0
and it. Here 61 = 62 a +6 MHz (8 =0) and the intensity I1
3.2 mW/cm2 and 12 & 1.6 mW/cm2 (I isat n hc/A3T). A change
of 1.0 on the vertical axis corresponds to a 100% change of
the signal. (b) shows how the measured central peak height
at large 6 varies with 0. The solid line is a fit of a sine
wave to the data.

Figure 3. (a) shows the measured atomic beam profile for various
values of 6 that produce VSR at velocities t6/2k. A change
of 1.0 on the vertical axis corresponds to a 100% change of
the signal. (b) shows the measured resonant velocities the
peaks vs 6. The straight line is a plot of v = 6/2k. The
laser intensity is (0. 6 )Isat 2 1 mW/cm2 for each beam and 61
a 10 MHz.

Figure 4. The spatial dependence of the light shifts for 61 and
62 with opposite signs and 0 different from 0 or w. The
arrows show the position and the direction of optical pumping

* between states 11> and 12>. Atoms travel along the thickened 0
lines to the right, and for the case shown, the average force
is clearly to the right. For motion to the left, the force
is still to the right.

Figure 5. (a) and (b) show the measured spatial profile of the
deflected atomic beam for two different signs of the 6i's. A
change of 1.0 on the vertical axis corresponds to a 100%
change of the signal. Similar results are obtained by moving
the retroreflecting mirror. The limit of velocity capture
range is evident in the data. (c) and (d) show the
calculated force curves. The laser intensity is a 1.6 mW/cm2

for all parts, 61 - +6 MHz and 62 - -3 MHz for (a) and (c),
and 61 -- 3 MHz and 62 - +6 MHz for (b) and (d).
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S iEnergy Bands and Bloch States in ID Laser Cooling

M. Doery, M. Widmer, J. Bellanca, E. Vredenbregt, T. Bergeman and H. Metcalf

Phyuics Department, SUNY, Stony/ Brook, NY 11794.3800

(August 27, 1993)

Abstract

We describe calculations that predict and analyze distinctive quantum

features in the velocity distribution in ID laser cooling for light shift poten-

tial well depths only a few times the recoil energy. These features arise from

* transitions between energy bands, or even between Bloch states, in the pei- *

odic potential. They occur with a o+ standing wave, both with and without

a small B field, and for lin 1. tin laser cooling. We have observed these fea-

tures experimentally in a beam of metastable helium atoms cooled on the

"23S, ,- 23P2 transition, with velocity resolution 0.3 recoil.

PACS numbers: 32.80.Pj, 42.5O.Vk
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Recent progress in laser cooling has produced atoms with mechanical energies less than

the light shifts induced by the laser light [1,2]. This means atoms may be confined in the

periodic array of potential wells between the nodes (or antinodes) of optical standing waves.

At such low energies, the deBroglie wavelength of the atoms is comparable to the optical

wavelength. Motion in these wells is thus quantized: the eigenstates of atomic motion

show a band structure analogous to that of electrons moving in the periodic potential of

a crystal. Since a theory of this band structure in laser cooling was developed [3], there

has been a keen interest in studying its effects experimentally. Recently, the frequency

intervals between energy bands have been investigated with a probe laser using four-wave

mixing [4], through sidebands in the atomic fluorescence [5], and through rf spectroscopy

[6]. Up to now, however, there have been no observations of quantum effects in the velocity

0 distribution, which is arguably closer to the focus of laser cooling. D •

Here we report measurements and calculations that, for the first time, do reveal quan-

tum effects in the velocity distribution of cooled atoms. We find not only effects of tran-

sitions between the bands, but also effects of transfer of population between Bloch states

within these bands. Effectively, we are probing the velocity substructure of bands in the

periodic light shift potential. Observation of these features requires that the velocity res-

olution be smaller than the recoil velocity V&, Frthennore, the laseatom interaction

time must be at least a few times longer than the optical pumping time, and the light

shift potential wells must be shallow enough for only a few bands to occur below the tops

of the potential hils. These last two onditions are met by choice of laerintensity and

detuning, while the first one is fhilitated by cooling metautable He 23S atoms (He*) on

the S,-, 230P transition. He* has a large recOl velotity V U/M 9.2 cm/s due

2

* 0 • 0 • • 0 0 0



p

to its small mass M (A - 27r/k = 1.083 Am is the laser wavelength).

We discuss three cooling configurations where we have observed energy band or Bloch

state transition effects. The first is a pure a+ laser standing wave driving the He* J =

1 --+ 2 transition, which produces a dip in the velocity distribution near V = 0. The

dip is caused by differences in the zero-point velocity distributions in light shift potential

wells of different depths. The second configuration is Magnetically Induced Laser Cooling

(MILC) where a o+ standing wave and a magnetic field produce sub-Doppler cooling [7].

Transitions between Bloch states within the lowest energy band in the standing wave cause

a peak in the velocity distribution near V = 0 whose width is about equal to VR. The third

case occurs in polarization gradient laser cooling with counter-proplgating laser beams of

orthogonal linear polarizations (lin J. fin) [8]. Here we find dispersion-like features in the

0 velocity distribution near V = *VR, caused by net transfer of population from states just

above the lowest band gap to states just below it.

The experimental apparatus used in our studies is shown schematically in Fig. 1. He*

atoms come from a discharge-excited nozzle source, cooled by liquid N2. Through time-of-

flight measurements we established that the supersonic longitudinal velocity distribution

has an average velocity v = 1400 m/s and a velocity spread Avjs = 240 m/s at our

standard operating conditions. The on-axi source output is _ x 1013 He* atos s-1

&r-, while the ratio of singlet to triplet metastables in the beam is < 0.02. About 1 cm

downsteam of the nozzle ther is a conical skimmer, followed 25 ca further by a 30 pm

wide x ? mw high slit that educes the fiux to 2 x 0' He* atoms 0.

Directly after this slit, the toa interact with two counter-popagating laser beams

of equal intea ty. The beams have a neawly Gaumian intensity Profile with a waist racius

3
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w = 16 mm (e-2 intensity point) and &-e apertured to a diameter of 32 mm. They originate

from a home-built, laser diode-pumped CW LNA-laser (9]. The laser's frequency is locked

I j~r)to a cavity that in turn is locked to a Zeeman-tuned [10], weak RF discharge in helium.

The interaction region is surrounded by three orthogonal pairs of Helmholtz coils to create

a well-defined magnetic field B . The Earth's magnetic field was cancelled to ±5 mG using

the Mechanical Hanle Effect on the 23S1 -, 231p transition [11].

The transverse velocity distribution of the He* beam, modified by the interaction with

the laser light, is measured with a detector 1.9 m downstream of the interaction region.

This detector consists of a stainless steel plate placed behind a 30 pm wide slit in a
S

moveable, metal cage. The two 30 pm slits separated by 1.9 m provide velocity resolution of

2.7 cm/s or 0.3 VR. The internal energy of the He* atoms can free an electron from the plate

on impact, and the resulting current (- 10 fA) is amplified, collected and recorded. The * *

detector's transverse position in the atomic beam is scanned with a computer controlled

stepper motor.
S

We have used two types of density matrix quantum cooling calculations (3,12-14]

to interpret the measurements. The density matrix p obeys the Liouville equation

= -(i/h)[iHp] + Ae, where H includes internal energies, kUnetic energies, atom-laser

intermctions, and magnetic field interactions if present, and p. expresses the spontaneous

radiative decay and zepopulation of gound stae sublevels. The calculations that best

model the experiment• use basis states that are products of interal atomic states and

free particle momentum egendunctious 13,131t # = iY,nip >. Excited states are explic-

itly included so Doppler cooling effects occur in the results, and one can also include the

spatlly varying user intensity profile. These calaulations match the measured velocity

4
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(4,
distributions very well, but do not offer a clear picture of the cooling process.

More insight is provided by our second method because it explicitly uses eigenstates
I

of the periodic light shift potential obtained by adiabatically eliminating the excited state

[12,14,15]. It simulates the experiment less accurately because there is no Doppler cooling

and the laser profile is assumed constant Nevertheless, it shows the key features found

both in the experiments and in the free particle calculations. The effective Hamiltonian
for the ground state is HE,! = (2S6/L)VV,, where S = 2f12/r 2(= 1 for intensity I -

rhc/3A3r), fl is the single beam Rabi frequency, r =- 1/" is the decay rate, 6 E Wisr-Wato,

is the laser detuning from the atomic frequency, and L = 1 + 462/F2. The matrix V.e

includes Clebsch-Gordan coefficients for the atom-laser interaction (jVi, --< 1). Hefj is

diagonal in the magnetic quantum number m for a+ light or for ]in .I lin cooling on a

J= transition. The well depth U0 = fS6/L, where f = 2 for a a+ standing wave, and

f = 5/6 for J= 1--* 2 for lin Ilin.

To help understand the following effects, some background on Bloch states is useful.

When the light shift potential is diagonal, the eigenfunctions satisfy a Mathieu equation.

"Solutions may be written as an expansion in momentum eigenstates 115,16,3] I,(z) =

E.ae.,e-zp*i(Y+2j)kz] where n is the band number and v is the Bloch index: -1 < P< 1.

Thus %(z) obeys Floquet's theom. In Table I we present the low order wavefunctions

for H.11 Uosin,(kz), when Uo is less than the reoil energ ER = MVR/2 = 00/2U.

In general, '1(z) represent a trvelling wave, except when P, = 0 or *1, where energy

gap, occur. For the few bands below the tops of the potential hills when the potential is

shallow, states just below a gap are mor strongly localized in the deep part of the wells

than es just-. above it. Going firn the bottom to the top of a band, the wave functions

S
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go from being localized away from the deep part of the wells to being most localized in

the deep part of the wells. In a shallow potential, the lowest (n = 0) band is an exception

in that its v = 0 state is only slightly localized.

To explain our observations in the clearest way, we use a simple J - -- • model.

We use a basis of eigenstates of the periodic light shift potential and neglect off-diagonal

density matrix elements (12] (except for MILC, where they are always needed), and assume

that the atomic recoil from spontaneous emission of a w (a) photon is always directed

perpendicular (parallel) to the laser axis (z-axis). In a+ excitation from m = -1 Bloch

states, followed by w decay to m - • states, the net change in the Bloch index is then

AP = ±1. Calculations based on this simplified model preserve the features found in more

exact calculations.

We first discuss the quantum feature in a a+ standing wave (no polarization gradients *
or magnetic field). The data in Fig. 2a show an overall bell shape that arises from Doppler

cooling, while the dip near V = 0 arises from purely quantum effects. Fig. 2a also shows

computational results from the free particle basis (with Gaussian laser spatial profile), and

from the periodic potential basis foraJ=4 -. J transition.

The dip at V = 0 is a quantun feature that can be explained even with the iimple

model. Fig. 3a shows the excitation and decay brnches, and Fig. 3b shows the two

m f • potential wel•s• Becauw atoms in the shallower well have a smaller wo point

vibrational energ than those in the deeper well, the vloty distribution in the lowest

band of the shallower well is nuoer. Am = 1 excitation followed byr Am = 0 decay

anfm atoms from the lowest band in the dallow a = - potential well to the owest

band in the deeper =+ l. This pro" replaces the narrow velocity distribution

6
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in the shallow well with a broader one. Fig. 3c shows calculated velocity distributions

P(m,n,V) = P(- ,O,V) und P(,0,V) (n = 0, 1, ... is tL,. band number), and their

difference AP(V) (enlarged by a factor ot 4), for typical laser parameters. AP(V) has

a dip at 0 = 0 and two peaks at V - ±-.3VR. Thus this quantum effect is caused by

differences in t•he velocity distributions of the lowest states of the potential wells [17]. This

same description holds for the J = 1 -• 2 transition in He*, and causes the dip shown in

Fig. 2a.

This non-Gaussian population distribution is relatively short lived. For the J = 1 -4 2

transition in He* in a a+ polarized standing wave, the populations of the m = -1 and 0

states are depleted at the optical pumping rate r. = 2sr/L. For the conditions of Fig.

2a, the dip appears after - Ips, which is a few times I2:rp ,-, 0.3ps. However, Doppler

cooling of m = 1 atoms continues at the rate rDopp = 16S6ER/hrL2 . Since our interaction

time is only - 20 ps, we do not see the dip vanish, but our calculations indicate that it

disappears aftf.r about 100 ps, which is a few times l/rDpp - 20ps.

The next quantum feature we discuss occurs when a transverse magnetic field is added

to the a+ standing wave (MILC 17]). At low intensities the two peaks discussed above

appexr at approximately - V = +1.3VR, but there is also a central peak of width - VR,

as shown in Fig. 2b. The population distributions in the lowest bands are shown in Fig.

4a vs. energy. Fig. 4a shows that the population decreases sharply with energy in the

lowest m = -1 band. No central peak occurs when the populations of the Bloch states

in this band are uniform, as they nearly are for the pure u+ case. We conclude that the

variation in the population over the band is responsible for the peak in P(V) at V = 0 in

Fig. 2b.

7



As discussed in Ref. [131, MILC is a cyclic process of Am = +1 optical pumping

and Am = ±1 magnetic feld mixing. (Hence in MILC, the peaks at V = :l.3VR are

continually regenerated.) In Fig. 4b, transitions between Bloch states (labeled A through

D) in the lowest bands (n = 0) of the m - 4- potentials are shown by straight and

curved (single) arrows, respectively. The numbers (0.87, etc.) give the relative pumping

transition rates between states Im, n,y > as TAD = I < - ,O, Ojsin(kz)1!,0, 1 > 12 = 0.80

and TBC = I < - ,0,1Isin(kz)I1,0,O > 12 = 0.87. In the deeper, m = +1 well, all states

are comparably localized near the high intensity region, but in the shallow m = - well,

the n = 0 wave functions become more strongly localized in the high-intensity part of the

well as v goes from 0 to 1. Therefore TBC is greater than TAD. The pumping rate from

m = -2 to m = 1 for v = 0 (point A) to v = 1 (D) is weaker than the pumping rate

from v = 1 (B) to v = 0 (C) because atoms at B experience a higher average intensity

than those at A. By contrast, the magnetic field mixing rate between the two V = 1 states

(BD) is very nearly equal to that for v = 0 (AC). The net result of this cyclic process is

an accumulation of atoms in the state with the lowest pumping rate, i.e., state A, (double

arrow in Fig. 4b). As seen from Table I and Fig. 4c, atoms with v = 0 have a large

probability to be at V = 0. Thus, a central peak occurs because of a two-step transfer

of atoms within the lowest m = - energy band, and is a purely quantum feature. For

deeper potentials with more bands below the tops of the potential hills, this quantum

feature evolves into the usual MILC cooling peak.

The third quantum feature we discuss in 1D laser cooling occurs in Un I lin polarization

gradient cooling at low intensities. For U0 , Er, we find that the velocity distribution

has strong dispersion shapes centered id V = ±VR, which can also be understood in

8
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terms of transitions between Bloch states within the low-lying energy bands. Calculations

and experimental data on this effect are shown in Fig. 2c. To obtain the best match

4• between experiment and theory in Fig. 2c, the optimum laser intensity parameter for the

calculations was found to be S = 1.2 as compared with the nominal experimental value of

2.7. This discrepancy is unexplained at present.

In lin I fin cooling, each optical pumping step of the cyclic transfer from m 2

to m = ½ and back results in some energy loss. With shallow potentials, the lowest

quantum states produce anomalies in the cooling process. We focus on the optical pump-

ing/radiative decay transition from the m - -,n = 1 band to the m = !,n = 0 band.

Atoms in Bloch states m, n, v >= I- , 1 > are pumped to 11-0, - 0 > by a+ pho-

tons, then to 0- ,, 1 > by a- photons (Fig. 5). From I- 0, 1 >, atoms are

* pumped to higher states at rates smaller than for these processes, so there is a net loss of 1 0

I ,1, •< 1 > atoms and a net accumulation of •,0, < 1 > atoms. For - ,,<• 1 >,

the most probable IV I is slightly > VR', while for - ,0, <• 1 >, the most probable I V I is

slightly < VR, as seen from the velocity distributions in Fig. 5b or the (1,0.8) and (0,0.8)

functions in Table I. This two-step transition accounts for the dip at V > VR and the peak

at V P< VR, and reflects the differing character of Bloch states just above and just below

the lowest band gap.

In summary, the experiments and calculations reported here show that in order to

understand laser cooling on the level of one recoil velocity, one must understand the

redintribution of population among Bloch states in the periodic light shift potential.

This work was supported by NSF, ONR, AFOSR, the US Dept of Education, and by

a grant of computer time from the Cornell National Supercomputer Facility.
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TABLES

TABLE I. Low order expressions for some unnormalized Mathieu functions, labeled by (n, v)

(adapted from Ref. [16]). Here u = Uo/ER and z = kz. Energies (third column) are relative to

the potential mean.

(n,*Y) EIER

0,0 1 - (u/8) cos(2z) ... -u 2/32

0,0.8 exp(O.8iz) - (5u/16)exp(-1.2iz) ... 0.64 - 0.09u2 ...

0,1 sin(z) - (u/32) sin(3z) ... 1- u/4 ...

1,1 cos(z) - (u/32)cos(3z) ... 1 + u/4 ...

1,0.8 exp(-1.2iz) + (5u/16)exp(O.8iz) ... 1.44 + O.07u2 ...

*tt.
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FIGURES

FIG. 1. Schematic of the experimental apparatus.

FIG. 2. Experimental data (dots) and free particle basis computational results (solid lines) for

the velocity distribution of He atoms with (a) a a+ standing wave , = 1.65,6 = -2r; (b) a a+

standing wave plus 50 mG B field, Sm.. = 4.5,6 = -4r; (c) lin .I. in cooling, S,.. = 2.7,6 = -8r.

For (c), calculations were performed with Sý,. = 1.2. The laser intensity has a Gaussian spatial

distribution. Dashed lines give results of periodic potential basis calculations for the simpler case

of J = 1/2 -.* 3/2, with adjusted uniform laser intensity.

FIG. 3. Analysis of the quantum feature in Fig. 2a, using a J = 1/2 -.- 3/2 transition. (a)

Excitation and decay scheme, with Clebsch-Gordan factors and m values as shown; (b) One period

of the light shift potential for m = ±1/2, with the lowest energy binds indicated; (c) VelocityS

distributions for the lowest energy bands, and their difference.

FIG. 4. Analysis of the quantum feature in Fig. 2b (MILC). (a) Calculated populations in Bloch

states (discretized to a mesh of Av = 0.1) for the lowest energy bands for m = ±1/2. (b) Low-lying

energy bands for m = ±1/2, with optical pumping (straight arrows) and magnetic field coupling

(curved single arrows) transition elements. P is the Bloch index. The double arrow shows the net

population transfer. (c) Velocity distribution functions, P(V), for the m = -1/2,n = 0,v = 0 and

1 Bloch states, initial and final states of the two-step trander process.

FIG. 5. Analysis of the quantum feature In lin 1 lin cooling in Fig 2c, in terms of a

J = 1/2 -, 3/2 transition. (a) Low lying energy bands for m = ±1/2, with arrow showing

important transitions between Bloch states. (b) P(V) functions for the initial and final Bloch

states In the two-step trander shown in (a).
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Slowing of 85Rb Atoms with Isotropic Light

H.Batelaa, S.Padua, D.E.Yang', C.Xie, R.Gupta and H.Metcalf

Physics Dept., S.U.N.Y., Stony Brook, NY 11790

Abstract

We have demonstrated slowing of a rubidium atomic beam by isotropic

monochromatic light. The esults agree with a model calculation, thus al-

lowing its use for designing an isotropic light slower. The large byperine

splittinp of rubidium lead to natural multi-frequency slowing, which is also

included in our model.

PACS nr. 32.80.Pj, 42.50.Nk

I. INTRODUCTION

The ultimate goal for atomic beam slowing and cooling is the compression

of the entire velocity distribution of atoms in a beam as they emanate from

* " a source to one narow peak at a dedred low velocity, Although this goa is

far from being roahed at present, atomic beam slower ate commonly used

for atomic docks and f loading of mapeto-optical tuap and optical mo.

lasses. Impmoemuts to atomic beam dower ae therefoie of carnrt intesest.

bc fly hlowing nsd cooling by white U01 II and Isots up ockroratic

WIg 12) hw bees m nstzed to be pamisiag Mw tid .

& velocity v wvi be watched by the Da siftked law frequucy whon the

Wavveedw E at the light maIs an aale* wsitb the atomic Vwocit

1 0
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iW
where wi is the laser frequency and i (f) Indicates the initial (final) state. For

red detuned light (w, - wif < 0) this resonance condition requires 9 > v/2,

4 meaning that the recoil due to the absorbed photons opposes the atomic mo-

tion and slows the atoms. Subsequent spontaneous emission does not exert

a force on the atoms on average. As the atoms are decelerated, they absorb

light from a increasing angle 0 (angle tuned), until the maximum value of

0 (= r) is reached. Because the light is Isotropic, the atomic motion IL "

rectly opposed irrespective of its direction, while for Zeeman (magnetically

tuned) [3] and chirped (frequency tuned) [4] slowing, only the longitudinal

velocity component of the atomic motion is opposed. This major advan-

tage prevents the atomic beam from being transversely expanded (apart from I

spontaneous emissions), in contrast to Zeeman tuned and chirped slowing.

In this article, we describe the application of the isotropic slowing tech-

0 nique to a rubidium beam in order to test experimental techniques and a 0 0

numerical model for the slowing process. The resulting slowed beam of cold

atoms is enhanced by aatural multi-frequency slowing (2], foW which the ru-

bidium atom ha an appropriate hyperfine splitting of the excited state. The I

carefully tested model is then used to calculate isotropic slowing over an ex-

tended length.

1. EXPERIMENT

A Khematic view of a apparatus is skown is Fig. I. A thema beam

o Rb is ollimated to .- 10 uad by =s a•pu% (At) wu nded fvm a cold

trap, wad tavels through a slowe made from the diuf hel nective matetral

Spatralou IS). The 20 cm log cylindrkial dower has an inwer diameter of 3

mam and outer diameter of 2 cm. The teectivity r of the natzera is specified

2
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by the manufacturer to be 99.1%. A beam from a Ti:sapphire laser, split into 0
two branches by a beam splitter (BS), enters the tube vla two I mm diameter

.holei situated 5 cm from each cylinder end. The laser light has a line width of

< 1 MHz and is side-locked to the Doppler broadened 5S1 /2 -5P 3/2 transition

of Rb near A = 780 nm with an accuracy of ± 50 MHz using absorption in a

vapor cell. Saturated absorption is used to calibrate the Doppler broadened

absorption spectrum frequency scale. An electro-optical modulator (EOM) [6]

divides the laser power between the main laser frequency wl = 2w x P, (Fig.

2) and two side bands at wl ± 27r x 2.91 GHz. One sideband (tt) counteracts

optical pumping into a single ground state hyperfine sublevel, wlile the othel

is not used. Alternatively, we use the Ti:sapphire laser and a Sharp model

LTO2S diode laser (DLI) to provide two frequencies, instead of the EOM.

The laser beam from another Sharp model LT024 diode larer (DL3') is

0 directed at =. anglz of 30' with the atomic beam to the determine the longi-

tudinal velocity distribution by measuring the intunsity of the emitted fluo-

rescence as a function of the laser irequency. The saturated absorption signal

from this laser also serves as a calibration of its frequency. A beam from a fre-

quency locked laser (DL2) perpe.dicular to the atomir beam cancels velocity

selective optical pumping effects.

Two concave sphericdal ymr (CM) collect the Suorscence [7,81 anu fo.

cus it on a hybrid photodiode-amplifier detector [91 (PD). Stray er light

emsaatiag from the Spectralon tube is hieIlded from the detectm (aperture

A2). We chop the side b~nds of the ELO a 30 Elz and oubtmatthegated

sipd bm the pW bakground to reduce the noise markedly.

3
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III. A MODEL CALCULATION

We assume that the initial longitudinal velocity distribution of the atomic

beam is thermal and given by [10] )/

1(v) oc ix a-I•AT (2)

where kB is the Boltzman constant and T is the oven temperature. The force

on the atoms can be written as

F(z) =J /•(l,R,.c,.p- fleRc.,p)df, (3)
Die

where the subscript g (e) indicates the ground (excited) hyperfine levels, II

indicates the steady state population and fI (=(O, 0)) indicates the direction

from which an atom absorbs light. The angle 9 is detined relative to the

direction of the atomic motion. The projection of the recoil momentum of

the atom p along its direction of motion is given by

p = AkeosO (4)

The transition rate 111] from an initial (il state to a final (f) state is given by

2

"J1• Fi I.

Here, the initial (fie-1) state ca- be eithbr the ground or excited state. The

lifetime r of the excited J, state (for the 5'PV state of "sRb) is 27 as 1121,

I = 5/2, 2= 1/2.a = 3/2.', F# 3. 1,2.3,4 and ) e the usual

6-j symbols [13]. The photon stefing rate R• • 2(a) is proprltonal to the

comvolution ofthe law frequer.y distribution I inside the tube ad the atomic

line shape &.(w) associated with the ttainition from the initi to the Snal

sate [14)

4
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I

where r (= 2ux6 MHz) is the atomic line width for "Rb and p(z) i the light

energy density at position z. In the atomic line shape

r/r

i!= w• -w, denotes the frequency difference between the hyperfine levels F1

and Fi. Here, I is the normalized laser frequency distribution in the atomic'

rest frame

I rt(sI, iv, w,9) 4- (- +•o) + rldq
4Vr2 (Wwl-W + kucosO)2  (8)i

where ri is the laser line width. The energy density p(z) is derivec( byanl

iterative procedure [15].

For a Lambertian reflector, which obeys

J() =Joco,30, (9)

where Jo is the iDcident laser power and J(a) the reflected power at an angle a
I 0

with respect to the norroal of the reflector surface, a straightforward derivation

for a cylindrical geometry yields

,1ff3'4Wj 1 r12,...\ (10)
Jo Jo kz'2 + 2001- ) -(') iu 1-2,... o

for the power distribution P. of the n-tb reflection of the lawer light in the

cyliuder. The initial power distribution is given by Po. For example, with one

entrance hole at z = 0 the total laser power P = Po(0) and P0 (q a 0) = 0.

The lemgh of the cylinder is I &ad the fiectivity P. We have asumed that

the power distribution is symmetric in #. The totl power ditibution may

be obta•ed by mummiug over all decttions, P(z) = ) P.(z). We can

immediately caklat the eneuy desity from [10),

=4P(z)/c()

by auuming that the power distribution is imiropic. W have verified an&-

lytically that for an isfinite cylinder, for which the swface Is a
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Lambertian source the power distribution is isotropic. These approximations
wre motivated by the small radius over length ratio for the cylinder.

In the force expression the steady state populations U., I11 of the byperfine

levels as a function of the position z are calculated by substituting %.f(z,v)

in the rate equations [11,16]. Obtaining from the calculated force the final

velocity of the atom vi for each initial velocity tv, we obtain the final velocity

distribution,

S= dv , (12)
dvi

expressing the conservation of atoms.

IV. RESULTS

"To test the effective laser power in the tube we measured and calculated

the fraction of atoms optically pumped from the Fj=3 into the F#=2 state *

as a function of laser power injected into the Spectralon tube. We chose this

fraction to be the ratio of the maxima of the atomic velocity distribution with

and without laser power, and plotted the result in Fig. 3. The calculation is

the result of the time dependent rate equations [16] with the isotropic photon

scattering rate (Eq. 6) for r=99%. For an oven temperature of T= 130PC

the density of rubidium results in an estimated mean free path of the photon

of 6 cm, while for an oven temperature of T= I70 C the mean free path is

only 0.6 cn. On the other huad a photon trvels on averge 2.5 cm before

bein absorbed by a tube with a 92% reectivity (see below) and 3 mm di.

a&eter. Therefore we attribute the decrease In the optical pumping efficiency

with Increasing tempeatre both to the optical thickness of the atomic beam

and to the stMmiy Doppler4ifted luoresceuce form all thse atoms that

is pteventeQ fm•n eumaping by multiple refections in the Spectralon. All ye.

locity distributions presented below were taken with an oven temperature of

6
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4 T= 130'C where the atomic beam is not optically thick. The optical pump-

SIng efficiency test is thus used as an atomic calibration of the energy density

inside the Spectralon tube. .4)

Still, roughly a factor of 4 discrepancy exists between the measured and

the calculated optical pumping efficiency. An additional experimental test

revealed the source of the problem. Fig. 4 shows the result of a measure-

ment of the relative light power that has diffused to the outside of the tube

as a function of position along it. The experimental result for a Rb-exposed

Spectralon tube before and after cleaning were compared with the result cal-

culated from equation 10. The results for the relative light power were scaled

appropriately. The drop in reflectivity of the exposed tube corresponds to a

factor of 4 drop in intensity. In accordance with the atomic calibration of the

energy density, we used a factor 4 to correct the laser power in all subsequent

calculations for the velocity distributions.

The measured fluorescence spectrum was used to determine the velocity

distribution. which has contributions from each of the three accessible eacited

hyperfine states. A given frequency of the detection laser corresponds to

three different detunings, which in their turn via 6,1 =/ ktyjcos correspond to

atoms with three different longtudinal velocities. In our case, the repumping

detection laser (DL2) was strongly saturating, while the frequency ramped

detection laser (DL3) was operated in the linear range, causing the relative

strengths of the different contributions to be proportiosal to cil. Taking these

three corrections into atemt in our calculated disatibutions gives excellent

agreemut with the Wpinastal zsult for the itial velocity distfibution

( &5).

In Fig. 6 the diferenct betwen the fin and initial velncty distribution

is shown. A negative value of thi difference indicates that atoms have been

removed, while a poitive value show. oz iceue in the number of atoms Fig.

0
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6a shows that atoms around 400 m/s have been slowed to velocities around

150 m/s. The experimental detuning 61 (Fig. 2) is -190 :k 50 MHz relative to

the F9=3 to Fe=4 transition and the detuning used in the calculation is -210

MHz. The EOM is driven at 2.91 : 0.01 GHz, which means that the detuning

&, relative to the F,=2 to F,=3 transition is also -190 MHz. The total laser

power P = 100 mW, and the ratio P of each EOM sideband over carrier is

P = 1. The vertical scale is normalized to the height of the maximum of the

Initial atomic velocity distribution, so that the peak of slowed atoms (Fig.

6a) contains ,-2% of all the incident atoms.

The acceleration in the velocity distribution shown in Fig. 6b has been

measured under the same experimental conditions as in Fig. 6a, except for a

positive 190 MHz detuning. The presence of the double dip structure can be

mostly attributed to the F,=3 to F.=4 and to the FR=3 to F.=3 transitions.

The Doppler resonance condition (Eq. 1) is met for the F#=3 to F.=4 transi-

tieu at 170 m/s and for :he F,=3 to F,=3 transition at 280 m/s, which agree

with the Fositions of the dips.

For negative detuning the Doppler resonance condition (Eq. 1) is met for

the F8=3 to FO=4 transition at 170 m/s and for the F,=3 to F,=3 transition

at 60 m/s. Since the interaction time is longer at low velocities, the slow.

ing process is more effcient than the accei-ation process, and the two peas

merge into one. This is natural multi-frequency slowing and is'especially ef-

fictive because of sk appepriate hyperfine splitting of Rb. It an not be

etploited in odi"um 121. where the byperhe splittiag is o mall. nstead

one mu" Waist the angle-btued "sowin with a "pwie cha in lwer fr.

quency (multl-fueq~sency ulo**ng). The large excited stat. Lyperfhe splitting

of ashdium provides hls effect ,.

The result in Fg. d and 6d have been measured fora ratio of EOM side.

band over carrier 1 = 0.02. For positi detuning the resonaaceoandition (at

8
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170 m/s) can only be met by the cyclic F#=3 to F,=4 transition. Therefore

a weak Tepumping sideband is sufficient to maintain the acceleration process.

However, for negative detuning the FF--3 to F.=3 (and F,=3 to F.=2) tram-

sition can excite atoms at 170 m/s due to angle-tuning. This means that a

weak repumping sideband is not sufficient to maintain the slowing process.

Finally, having established confidence in the numerical modal by the agree-

ment with the measurements, we show the result of calculations for a 20, 60

and 100 cm long slovers with a 500 mW input power (Fig. 7). Note that

the fraction of atoms stound 50 m/s has increased by a factor of 100 over the

initial distribution. Because this strong increase shows promise for important

applications of this technique, we are currently building an extended length

slower.
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Figure captions

Fig. 1. A schematic view of the apparatus. An explanation of its com-

ponents Is given in the text.
p

Fig. 2. A scheme of the relevant energy levels of 4sRb.

Fig. 3. Fraction of atoms in the F#=3 state after the atoms pass through

the slower for oven temperatures of 170* (A) and 1300 (13) are given. The

line is the calculated result from the rate equations.

0 *0

Fig. 4. Laser power measured as a function of portion along the external

wall of the Rb-exposed Spectralon tube of 10 cm length before (o) and after

(A) cleaning. The calculated power is given for r =99% (..), 98% (-), 96%

- -) and 92% ( ..... ). The results are scaled appropriately. The laser

beam enters the tube Va the zero position.

Fig. 5. The meased and aculated in" velodty distributioa.

Fig. 6. The diffeace bei'ieea the slowed and initial atomic wvo"-

Ity di& ibutioa. The exUpeimnetal and calculat results ow agreement.

The total luer power Is P m 100 mW. (a) Natural multifreqency dowing,

11

O 0 S 0 O 0 0 0' O *



6= -190 50 MHz, p = . (b) Acceleration showing two dips, 6 = 1'00 50

MHz, • 1. (c) Slowing disappears, 6 : -190 1*50 MHz, B = 0.02. (d)

Acceleration remains, 6 = 190:k 50 MHz, D = 0.02.

Fig. 7. Q-lculated initial (solid line) and final atomic velocity distribu-

tions for 6 = -75 MHz, P = 500 mW, r=92%, = 0.5 and the EOM is

driven at 2.97 Gliz. The lengths of the slower are 20 cm (..-), 60 cm (- -

and 100 cm -. ). The largest slowed peak at 50 m/s contains -25% of

all incident atoms.

p
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